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FOREWORD

This memorandum was prepared under the sponsor ship
of the Deputy Chief of Staff for Logistics, Department of the
Army. This study, dealing with the M151 i-ton truck, was
preceded by a study of the M38-series vehicle several years
ago* and a numbe; of studies dealing with other classes of
equipment. The purpose of all these studies was to assist
the Army in the management of its fleets, and they have
directly and indirectly had marked influence on equipment
policies.

L. S. Stoneback
Head, Logistics Denartment

*QOperations Research Office, “Operation Maintenance, and Cost Experience of 14
Y,-Ton Truck Fleet (U),” ORO-T-382, May 61. CONFIDENTIAL
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Problem

To determine the lifetime of the M151 Y4-ton truck.

Facts

The M151 is the most recent and most preferred model of “;-ton truck;
it is a lightweight perscnnel and cargo carrier designed to accomplish basic
transport on roads and cross-country. M151’s were first introduced to field
use in large numbers in late 1961.

Current active Army utilization of the Y4-ton truck fleet amounts to ap-
proximately 200 million miles annually.

The predecessor models, i.e., the M38 series, were the subject of an
earlier ORO(RAC) investigatior.' In that study it was determined that they
have an averuge “least-cogt™ lifetime of 5 years. From this study the Army
adopted an average “useful life expectancy” for “4-ton trucks of 6 years.’

The Deputy Chiei of Stail for Logistics (DCSLOG) requested RAC to in-
vestigrte the performance of the M151 to determine its lifetime.

Discussion

General experience, confirmed by past RAC studies,'* *~° indicates that
as vehicles age they perform less well and consume more resources. The
study reported on in this memorandum was directed at determining how per-
formance and resource consumption change as the M151 “-ton truck ages. On
the basis of this analysis an optimum agc for replacement is recommended.

The data base of the study was the operational and maintenance history
of 772 M151’s observed in Europe from their times of issue as new vehicles
to an average accumulation of 13,600 miles over an average period of 18
months. A few vehicles were seen at ages beyond 25,000 miles and 24 months.
Maintenance histories for each vehicle were compiled from Army maintenance
records. These histories ident:fied maintenance actions by date and vehicle
mileage and also showed the nature of the maintenance action, man-hour con-

sumption, parts ana components involved, ard echelon at which the maintenance
was performed.

RAC-T-479 1
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Performance and its variation with vehicle age were examined in terms
of vehicle-breakdown rate, mean miles per breakdown, availability, and reli-
ability. Two measures of vchicle-breakdown rate were used. One was the
rate of replacement of 21 selected parts; failure of any of these parts was
assumed to result in a significantly impaired vehicle. The other rate repre-
sented replacement of the 10 most important parts from the list of 21; failure .
of any of these 10 parts was assumed to result in actual vehicle disability.

These two breakdown rates represented upper and lower bounds within which
te analyze M151 breakdown propensity. The breakdown rates were derived
from individunlly computed age-dependent replacement rates for each of the -
21 significant parts. Availability and reliability were then computed on the
basis of each of the two breakdown rates; mean miles per breakdown and a
measure of performance called the “mission-success index” (the product of
avaiiability and reliability) were also computed on hoth bases.

Maintenance costs as a function of M151 age were derived, including
costs of parts; the procurement, storage, and distribation of parts .referred
to as stock, store, and issue (SSI)]; and maintenance labor.

The trends of M151 perfor mance and maintenance costs with age found
in the dita were used to project performance and costs beyond the data into
ages presumed to include M151 lifetimes. The lifetime finally derived is
based on these projections.

The lifetime derived is that vehicle age at which replacement by a new
vehicte with the same initial cost, age-dependent unscheduled maintenance
cost, and age-dependent breackdown rate as the old vehicle, in a support en-
vironment with the same average response characteristics as that experienced
by the old vehicle, will ininimize the long-run average cost per unit of effec-
tiveness rendered. Fffectiveness is measured in terms of availability, reli-
ability.and nonobsolescence. An obsolescence rate of 2 percent/year was used.

To facilitate rouversion of the lifetime to an annual vehicle replacement
requirement considering that some vehicles are lost before their lifetimes ex-
pire, a graph was preparcd from which, for any combination of a lifetime
between 4 and 14 years and a preniature loss rate between 0 and 20 percent/
vear, an annual procurement quantity as a percentage of the fieet size may be
read.

Engines and transmissions were treated in special detail because of their
importance as assemblies, and to demonstrate the idea of equilibrium per-
formance, which was employed in making the projections of vehicle perform-
ance and costs.

The response of the support svstem to M151 demands for maintenance
was characlerized in terms of the average man-hour consumption and the
averiage response time per maintenance response. The average costs of parts,
tabor, and SSI consumed per maintenance response were also computed.

Aesins

2 RAC-T-4179
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B SUMMARY

Conclusions

1. The lifetime of the M151 is 50,000 miles or 7'4 vears at the current
Army-wide use rate of 550 miles/month. The calendar lifetimes correspond-
ing to 50,000 miles at other rates of use are shown in the accompanying tabu-

. lation.
Use rate, miles per month Lifetime, years
300 14
750 5Ya
1000 4

2. To maintain a constant fleet size with equal annual procurements
when the lifetime is 7'% years and the accidental loss rate is 1.3 percent/
month® (15.6 percent/year), the annual procurement required is 22 percent of
the fleet size.

3. Unless significant reduction in costs of overhaul and increase in
quality of product relative to M38-series overhaul can be brought ahout, over-
hauled M151’s will cost more and perform less well than new M151’s in the
long run.

4. M151 breakdewn rate and unscheduled maintenance costs double by
20,000 miles and quadruple by 50,000 miles.

- 5. The cost of unscheduled maintenanre per 100 miles for the M151 in-
creases with vehicle uge (see the accompanying tabulation).

Age, miles Cost, dollars
| New 2.00
10,000 3.20
‘ 25,000 5.80
| 40,000 7.00
i 60,000 7.70

f: Of these costs, 61 percent represents SSI, 26 percent is for parts costed to

| account for the recoverable value of reparables, and the remaining 13 percent
is maintenance labor.

6. For the M151 the average per-mile cost of acquisition and unsched-

; uled maintenance is ¥0.16 for a 25,000-mile replacement cycle, $0.13 for a

n-& 40,000-mile cycle, and '0.115 for a 60,000 -mile cycle.
; 7. M151 nonavailability—the time out of service while the vehicle is
= broken down—does not rise above 5 percent during the first 50,000 miles of
life.
" 8. The average miles traveled per replacement of anyof 10 major parts

decreases as M151’s age (see the accompanying tabulation).

RAC-T-479 3
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Age, miles Miles traveled per replacement action

New 16,000
10,000 9,000
25,000 5,500
40,000 4,000
60,000 3,500

9. As M151’s age there is an increase inthe average number of vehicles
available to start but unable to complete a 500-mile movement without needing
the replacement of at least 1 of 10 major parts (see the accompanying tabula-
tion).

Age, miles Vehicles per 100

New 4
10,000 7
25,000 11
40,000 14
60,000 16

10. The average response times required by the support system to make
significant parts replacements on M151’s were as follows:
a. 2.3 days for any of 21 parts causing significant vehicie impair-
ment when defective
b. 3.9 days for any of 10 major parts causing vehicle immobiliza-
tion when defective
¢. 6.5 days tor major assemblies replaced at third echelun
11. The average cost of a mainienance response to an unscheduled M151
demand for support was $#27.33,
12, Replacement engines and transmissions give significantly less reli-
able performance than the original assemblies in early life.

Recommendations

1. M151’s should be replaced at 50,000 miles. When performance is
especially important earlier replacement should be considered.

2. The current Army policy not to rebuild Y4-ton trucks should be ex-
tended to the M151 fleet.

3. The Army should further investigate the performance of replacement
engines and transmissions.

4, Rates of vehicle use should be monitoréd at theater or Army area
level as measures of-the rate at which vehicle lifetimes are being consumed.

4 RAC-T-479
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GLOSSARY

adjustment. Bringing into proper reiation,

age. Accumulated time or miles in service.

availability. Probability that a vehiele is operable.

availability potential, Probability that a vekiele will be ope-rable after it has been ex-
periencing its current breakdown rate and support -system response time for an
indefinitely long period.

breakdown. Transition from operability to inoperahtlity.

degraded. Having lower performance and higher maintenance cost as a function of
vehicle age than the like-original,

detail sample. Portion of M151 sample for which all maintenance actions and all repair-
parts requisitions made at organizational level were included in the study data; for
the rest of the sample fewer organizational data were collected.

downtime. Time between breakdown and return to operability.

equilibrium. A stage of vehicle life characterized by constant vehicle breakdown rate
and maintenance costs even though the vehicle is getting older.

hard-core part. Any one of 10 prime mobility parts usually representing a vehicle dis-
ability as distinguished from a significant vchicle impairment,

lifetime. The period between issue and replacement; also, the duration of the period.

like original. Having the same performance and eusts as a function of vehicle age as
tﬁle part on the vehicle when issued new.

mission-success index. The product of availability potential and reliability; hence, the
probability that a vehicle having been experiencing its current breakdown rute and
support-system response time for an indefinitely long time is able both to start a
mission of specified duration and content and to complete it with specified success.

performance. Breakdown rate, reliability, availability, mission-success indcx.

prime mobility. Very important to mobility; represents a significantly impaired veh cle

when defective,

reliability., Probability that a vehicle able to start a mission of specified duration and
content can eomplete it with specified success.

replacement. Substitution of one part for another.

replacement action. Simultaneous replacement of parts of the same name (e.g., thrce
spark plugs).

replacement job., Replacement action.

response time. The time required by the support system to satisfactorily fill a demand

placed on it.

support system. The supply and maintenance organization and resources.,

ABBREVIATIONS
APC armored personnel carrier
DCSI.OG Deputy Chief of Staff for Logistics
DX direct exchange
FSN Federal stock number
FY fiscal year
MOS military occupational specialty
QMR qualitative materiel requirement
ROAD Reorganization Objective Army Divisions
SSI stock, store, and issue
TAERS The Army Equipment Records System
USAREUR US Army, Europe
USCONARC US Continental Army Command
6 RAC-T-479
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Chapter 1

INTRODUCTION

BACKGROUND

Past ORO/RAC studies'* *~ have shown that vehicles perform less reli-
ably and cost more to maintain as they age. Furthermore, this aging occurs
in a dynamic technological environment, which scems almost continuously able
to produce a vehicle today superior to the one it produced yesterday.

Such circumstances have inspired interest among vehicle fleet managers
in determining optimum lifetimes for vehicles., Lifetime in this instance has
a different meaning from the common one, which applies to biological organ-
isms and refers to their period of life. Biological life ends irrevocably. Prob-
ably no moior vehicle built has naturally experienced the end of a lifetime in
the sense that it coul not be restored to an operable state by the investment
of finite effort. The question of vehicle lifetime is whether there is a point in
vehicle life when the fleet role might be better filled by replacing a current
fleet member with another vehicle, possibly a new model. (*Better” usually
implies less cost, more performance, or an improved combination of cost and
performance.)

In industry such a lifetime may be determined hy comparing the monetary
cost and return of keeping a current vehicle with the cost and return of replac-
ing it, and doing what gives the greatest net return. If a point is reached at
which replacement is preferred, a lifetime has been determined.

In the Army the situation is complicated in two wavys: (a) the “return” ot
having a vehicle is not measurable in monetary terms and (b) even if it were,
the goal may not be to maximize the net monetary return. The net return tc
be maximized may be national security. which may be best accomplished by
managing the military vehicle sector in a way that does not maximize monetary
value. Although this subject is not covered in this study. the findings of the
study should be helpful to decision makers concorned with this type of problem,

The first complication results in the necessity to define a nonmonetary
measure of return. Furthermore, different types of military activity may re-
quire different units for measuring, return, and these may have to be compared
with each other. In such comparisons, judgments that assign military values
to various levels of return and trea weigh military values of return against
monetary values of costs must eventually be made. These value judgments
are discussed in the last chapter of this memorandum.

RAC-T-479 7
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All the other chapters consist of analyses of M151 performance and cost
data and their implications in the determination of cffective lifetime.

THE M151 TRUCK

Description &and Role

The subject of this study is the M151 '/4-ton utility 4 +4 truck Federal
stock number (FSN) 2520-542-4783]. According to the operator’s manual® the
M151 was “. . .designed as a general-purpose personnel or cargo carrier, for
use over all types of roads as well as cross-country terrain, and in all weather
conditions.” According to “Principles of Automotive Vehicles,” “General-
purpose vehicles are motor vehicles designed to be used interchangeably for
movement of personnel, supplies. ammunition, or equipment. . . and used with-
out modification to body or chassis to satisfy general automotive transport
needs.”

The M151 is the most recent in a series of similar vehicles all designed
to fill the same role. The predecessor of the M151 was the M38Al '4-ton
truck. A-cording to the project card kept in control of the development of the
M151.% a requirement existed “. . .for a '4-icn 4 v 4 utility truck of improved
design, reduced weight, and better performance.” The object of the develep-
ment was “to provide a vehicle in the '/4-ton utility class of improved design,
light weight, and low cost to replace the present standard '-ton truck (the
M38A1)." In the May 1964 Army Materiel Plan® the M151 is described as
having *. . .less weight and improved performance over the M38-series trucks.”
The successor to the M151 is only in the planning stage, but in its proposed
qualitative materiel requirement ‘QMR)? it is described as “an austere and
low-cost personnel and weapons carrier with a rated payload of ' ton.” Under
the heading “Reasons for Requirement” it is stated that “. . . {thel DA [Depart-
ment of the Army’ directed that a QMR be developed for a new Y4-ton truck
with sheer useful functionalism. In this QMR the focus should be on simplicity,
durability, e.ase of operation and maintenance, and reduced cost in relation to
the M151. ™"

In a recent RAC study” of the proposed QMR for the vehicle scheduled to
replace the M151, the third conclusion is: “The vehicle determined to be most
suitable by this study does not differ greatly from the present M151.”

Fleet Size

The current active Army inventory of '4-ton trucks is about 30,006. As
of the end of September 1964 about 16,000 of these were M151’'s and none of
them were more than 4 years old.

APPROACH

The aging rates and lifetime derived in this study apply to vehicles issued
new and n iniained at support echelon and lower. Thus rebuild is not a part of
the maintenance accounted for. The desirability of rebuild is considered from

8 RAC-T-4179
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a cost point of view in App C and more generally in Chap. 6, but in both cases
rebuild is treated as the end of the new life and the beginning of a rebailt life.
The major results of the study apply to vehicles issued new and subjected to
maintenance short of rebuild.

The unit of return of M151's was established as a mile of movement. The
guality of a mile was deseribed by the probability that it could be begun when
it was needed (availability) and the probability that once begun it could be com-
pleted without breakdown (reliability).

Costs considered were initial price and costs of unscheduled maintenance.
Costs of scheduled maintenance ana fuel were assumed to be constant through-
out vehicle life, and therefore not influencing life. (Of course this assumption
is valid only if replacement vehicles have the same scheduled maintenance and
fuel costs as M151°s, but the lifetime analysis was confined to such a situation,
primarily for reasons set forth in App C in the discussion of “role life.”)

The study gathered data that described M151 Y,-ton truck field perform-
ance in terms of reliability. availability, and resource consumption for a range
of truck ages sufficieat to indicate the effects of aging on performance. Beeause
resource eonsumption and availability directly involve the maintenance support
environment, data on support-system response to M151 truck maintenance de-
mands were also collected. Since accumulated usage was regarded as the most
sensitive single measure of vehicie age, usage data were of particular interest
to the stuay.

The basic data elements from which reliability, availability, and resource
consumption of vehicles may be derived are vehicle-breakdown rate, time re-
quired by the support system to restore the broken-down vehicle to operability,
and resources expended in the restoration effort. The basic data contributing
to each vehicle characteristic are shown in Table 1. As can be seen, break-
down rate is of fundamental importance. It is both the rate at which the vehicle
falls out of operability and the rate at which it demands expenditures of skilled
man-hours, tool-hours, and parts; it is the tempo of vehicle troublemaking.

TABLE 1

Relotions between Dato Elements and Vehicle Characteristics

Vehicle choracteristic

Basic data
Reliobility Avoilobility Resource consumption
Breakdown rate \ \ \
Restoration time — \ —
Restoration resonree
expenditnre — — \

Because the cost of maintenance and vehicle availability depend not only
on the vehicle itself but also on the effieiency and quickness of response of the
support system, costs and downtimes characteristic of M151 maintenance were
made the subject of a separate chapter, Chap. 2.

In Chap. 3 the performance of engines and transmissions is given special
attention because of their importance to the quality and cost of vehicle per-

RAC-T-4179 9
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formance, and as examples for introducing and demonstrating the idea of equi-
hibrium performance, used subsequently i projecting vehicle performance and
costs beyond the data.

Chapter 4 discusses the effects of vehicle age on vehicle performance in
terms of breakdown rate, reliability, availability, and mission-success index
{a combimation of reliability and availability).

Chapter 5 discusses the influence of vehicle aging on maintenance expendi-
tures in terms of maintenance labor man-hours, maintenance labor costs, parts
costs, and SSI.

In Chap. 6 the determination of vehicle hifetime is described in detail, using
the analyses and projections contained in Chaps. 2 to 5.

The results derived are averages for the sample ébserved. The perform-
ance and costs of individual vehicles may of course be higher or lower than
the averages.

DATA

The basic data collected were rccords of monthly miles of operation und
maintenance performed on 772 M151 ',-ton trucks in Seventa Army, US Army,
Europe (USAREUR), between 1 Sep 61 and 30 Sep 63. These data were collected
by study members from existing Army records including vehicle logbooks, the
predecessor Organizational Equipment Files (DA Form 478'sj, and Field
Maintenance Job Orders (DA Form 811's). For 617 of these M151’s, mainte-
nance actions (excluding lubrication) were recorded only for the group of se-
lected parts shown in Table 2. For the remaining 155 vehicles, more detailed
information was obtained. For this subsample, additional supply data were
gathered from organizational requisition registers, and maintenance actions
were recorded for all parts.

Vehicle Sample

Source. All 772 vehicles observed were observed from time of initial
1ssue, all were observed in USAREUR, and all were manufactured by the Ford
Motor Company. Their Army registration numbers range from 2B6566 to
2D2855; they were preponderantly B and C (about evenly divided).

The sample was stratified to reyresent M151 operations in armored diviy
cions, infintry divisions, and armored cavalry regiments as shown in Table .
No attempt was made to make the size of the strata proportional to their size
in the UPAREUR or worldwide fleets.

Size. As shown in Table 3, the sample of vehicle life studied had two
dimensions—the number of vehicles and the mileage span covered. The effects
on vehicle life of other factors—climate, terrain, mission, driver competence—
were not specifically studied, and so were not isolated as the additional dimen-
sions of the saimple that they are.

Figure 1 shows how the study sample of M151°’s compares with the total
MI151 populiation of 30 Sep €4 in terms of size, age, and theater. The theater
distributions were taken from the Hi-Five Summary of November 1964. °

Appendix A discusses the adequacy of the sample. In summary it s be-
lieved to be satisfactory to approximately 19,000 miles, where it drops helow

10 RAC-T-479
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100 vehicles, Bevond 25,000 milos the sample size is essentiaily 00 and theve-
fore furnishes a foreshortened view of M151 aging.
a little information about the performance of replacement assemblies and some

TABLE 2

M151 Ports far Which Maintenonce Activity Wos Recorded for Al' Vehicles

As a result there is only

Nomenclature

FSN

Arn as<embhy
Faant suspession, uppes
Frout suspensi, Tower
Arm o and shaft assembiyv, rocker
Ratten
Bearing, rollez, tapered
Belt, A, generator
Corbaretor
Clutch
Parts ki
Bearing. thrust
sk
Plate. pre-amre
Coil, 1gnition
Cylinder assembly shrake master ovlinder)
Differemial
Distributor
Yagine
Cear. Steviing
Generator
]il\.‘\'(‘. ‘"l'l Ii"l'
Prop shaft
I"ront
Rear
Pump -
Fusl
hl
Water
Hadiator
Regnlatar generator
Shack absorher
Rear
Front
Spark plog
Starter
Tire
Transmission and transfer assembly

PARROTH Y
2530-678-1118
2BO053-6TR- IR
O1I0007-2053
06 T] 18063
30068 1- 1 186
2910-6T8- 1857

28871303
JHIO-108-61006
2520.078-1313
232067813 16
202044240571
23306783077
2T6THIIN
JO2L6TH-1399
2805-678- 1820
230-678-1309
22005140550
27T

2520-6TH- 3072
23206783073

2910678 1854
2R05-678- 1487
2030.67H- 1819
2020-67H-3232
2920-510-9176

I H0-678-2078
23 1-678-2006
2020-TH2- 1258
2020L678- 1850
2610-678-1363
2520-678-1808

uncertainty of probable replacement times of the original parts that were still
intact at 20,000 miles. Only after the vehicles are operated several more years
will these data be available. Since fleet managers must make replacement
decisions before the fleet actually is degraded to an unacceptable condition,

this study has used data now available as a 1 easonable basis for analysis and

projection.

RAC-T-479
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Vehicle Usage Rate. The average usage rate of the sample was 755 miles/
month and was distributed as shown in Fig. 2. Since the rate for the tetal
USAREUR fleet was about 550 miles/month.'" the sample was an atypically .
active portion of the M151 USAREUR fleet.
Segmentation. It was necessary for the analysis to consider the data
gathered as “epicsenting four samples. each having a different degree of data

TABLE 3
Average Months in Service, Miles per Month, ond Total Miles Traveled of the M151 Somple S
(30 Sep 63)
Average
Orgonization Vehicles Months in Miles per Total )
service month miles
3 Arnd Diy 207 18 TR1 114,056
3 33 Amm 20 - () 14,115
312 Can 68 15 TRh 11.332
2 32 Arm 20 21 803 10,859
1 3% Arm® 19 19 779 11,806
1 18 Inf® 16 [ 886 15,0614
2 4B [nfd 31 19 853 16,206
#th Armd Div 116 15 687 12,361
215 Cin 37 ] 592 12,441
235 A L% 18 798 14,361 ;
137 Arm 11 17 T3 12,179
251 Inf 18 15 32 10,9814
35 Arm 13 18 73 13,286 -
237 Arm® 20 15 T39 11,087
24th Inf Div 167 20 718 14,300
3d Brigade BQ 11 17 617 10,197
119 Inf 13 o) 736 16,913
1 21 Inf 30 23 689 15.850
220 ind 2 23 T 16.606
1 3t Inf 31 17 668 11,866
319 [af? 12 It 673 12,116
231 Inf 13 24 440 20, .55
2 Armd Cav Regt 167 1% 785 13.345
T2 Armd Cay 9 19 769 14,610
22 Armd Cav 63 18 662 11,913
3 2 Arad Cav 63 16 878 14,0141
L#h Armd Cev Regt 115 16 832 13,312
T Armd Can 62 17 793 13,474
2 11 Aemdd Cav 53 16 820 13,123 -
Total average USAREUR 772 18 56 13.603

The 133 vehicles of the detaii sample.

completeness. In the first place the decision of the study to collect all re-
covded maintenance data for 155 of the vehicles ond only selected data for the

remaining 617 vehicles immediately created two samples with different degrees 2 i

of data completeness. In addition a new and more detailed maintenance report-

ing system ‘The Army Equipment Records System (TAERS)}was installed in the s

12 RAC-T-479 :
!
!
17

FOR OFFICIA’. USE ONLY




20,000

15,000

FOR OFFICIAL USE ONiY

USAREUR /-

(RACT

L

:,000 10,000 15,000 20,000
MILES SINCE ISSUE

Unknown

Fig. 1—M151 Sample as of 3G Sep 63 Compared with Total Active

& 10,000
b3
5,000 |-
0
200
150
2
& 100
=
50
0
RAC-T-479

Population of Army as of 30 Sep 64

—‘125

500 ' Y000 1500 200

USE RATE, MILES PER MONTH

Fig. 2—Use-Rote Distribution of the Vehicle Somple
Sample: 772 vehicles, i Mean: 756 miles/month.

FOR OFFICIAL USE ONLY

.-2000
- 5000

PERCENT OF SAMPLE

13



FOR OFFICIAL USE ONLY

Army while the study was in progress. This innovation meant that each of the
RAC-created sumples was subdivided into two pieces: a piece for which only
those maintenance actions included in the old recording system were recordea,
and a subsequent piece for which the more complete records required by the
new TAERS system were available. A further complication was that both the
Mib1’s and the TAERS sysiem were introduced to different units at different
times. Figures 3 and 4 show the mileage and calendar-age distributions of the
total sample and the portion of it covered by TAERS. Figure 5 shows a mileage
distribution of the smaller intensively studied sample of 155 vehicles and the
portion cf it covered by TAERS.

80 . 1 . —

s00f

10,501,000 miles

400k

M151's

200

/ée

: ; , ‘ //
0 s LA / l‘ ’//’{ 4 // // ’/r (/
0 10,000 15,000 20,000 25,000 30,000

MILES SINCE ISSUE

Fig. 3—Observed Sample of M151 Life as Distributed in Vehicle Mileage
Totol somple Sample covered by TAERS

Vehicle Performance Data

Maintenance Data. Maintenance data took the basic form: maintenance
event x was experienced by vehicle number y on date z when the vehicle was s
miles old. A maintenance event was the adjustment, repair, or replacement of
one or more parts, or a scheduled semiannual maintenance check and lubrica-
tion. For maintenance events occurring at third echelon (direct-support field
maintecance) three dates concerning the event were available: the date work
was requested, the date it begun, and the date it was completed. For mainte-
nance events occurring at second or organizational echelon (battalion and com-
pany maintenance) the only date available was the date work was finished. At
both echelons man-hours expended per maintinance event were available.
Data on the skill level or military occupational specialty (MOS) of the man-
hours expended and on the numbers and kind:s of tool-hours expended per

14 RAC-T-479
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Fig. 5-—Sumple of 155 M151’s Observed in Detail as Distributed in Vehicle Mileoge
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maintenance event were not readily available. In general there was no indica-
tion whether a maintenance action performed was preventive or restorative
although actions performed on specific parts during scheduled checks were
probably preponderantly preventive.

Repair-Parts Data. Data on repair-parts usage are recorded ou requisi-
tion registers at organizational level. Each requisition shows the part requisi-
tioned, the quantity of it requisitioned, the date on which the requisition was
made. and the date on which it was filled. Except in cases where large quanti-
ties of an item were requisitioned in support of all or many vehicles of the or-
ganization, the vehicle for which the part was requisitioned was also identified.
These data provided a source of parts-consumption data in addition to that re-
corded in the vehicle loghooks.

Operational Data. Operational data took the form of end-of-month cdom-
eter readings or miles accumulated during the month for each vehicle.

16 RAC-T-479
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Chapter 2

SUPPORT-SYSTEM RESPONSE TO M151 MAINTENANCE DEMANDS

INTRODUCTION

Support-system response to equipment maintenance demands directly in-
fluences equipment lifetime in two ways: (a) the efficiency of the response di-
rectly affects the expense of the response and hence the expense of having the
equipment and (b) speed of the response directly affects equipment readiness.

This chapter discusses the response of the support system to repair de-
mands placed on it by M151 “4-ton trucks. :‘he purpose of the chapter is to
develop and present only the two factors tnat directly affect the lifetime of the
M151: resources expended per support action and vehicle downtime per sup-
port action. The analysis covers only unscheduled demands for maintenance
met at second and third echelons and the time required to fill repair-parts
requisitions made at second echelon.

RESOURCE CONSUMPTION

Resources accounted for in this discussion include direct and supervisory
maintenance man-hours; repair parts; and dollars expended in the procurement,
supply, and distribution of parts (SSI). Maintenance tools and plant are not con-
sidered, nor are training costs and other support expenses associated with per-
sonnel.

Maintenance

Maintenance is the set of actions taken to correct or preclude equipment
deficiencies. Only adjustments, repairs, and replacements of vehicle com-
ponents and parts are discussed; inspections, washings, and lubrications are
not included.

The data base for this section of the analysis consists of «1l known re-
corded maintenance events for the 155 vehicles covered in detail by TAERS.

A total of 2243 mainienance actions were recorded for this sample of M151 ve-
hicles. A breakdown of these actions according to echelon and type of action
is shown in Table 4.

Man-hours. Since available data frequently did not show the number of

man-hours cxpended on a given maintenance action. the sample of maintenance

RAC-T-479 17
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TABLE 4

Somple of Maintenance Actions from which Suppart-System
Maintenonce Respanse to M151 Demands Was Determined

Echelon

Type of oction
Second Third Both
Adjustment 325 10 3315
Repair 177 28 205
Replacement 1548 155 1703
Total 2050 193 2243

TABLE 5
Actians Sample far Which Man-Haur
Cansumption Was Knawn
Echelon

Type aof action
Second Third Both
Aldjnstment 79 10 89
Repair T3 20 3
Replacement 1067 122 589
Total €19 152 |

TABLE 6

Mean Man-Haur Cor sumption per Maintenance Actian,
by Echelon of Mointenance and Type of Action

Echelon
Type of action B
. cih
58 €5nd ULt (weighted average)
Adjustmens 0.87 2.80 0.93
Repair 1.25 2.80 1.46
Replacement 1.39 R 1.69
Total
(weighted average) 1.34 4.30 1.55

actions shown in Tabie 5 is smaller than that in Table 4. The effect of this
sample shrinkage on the analysis is presumed small; it is described further

in App A.

To compute the average man-hours per maintenance action the number of
actions shown in Table 5 was divided into the total number of man-hours con-
sumed for each action type. The result= of this calculation are shown in

Table 6.

The distributions of man-hours consumption per maintenance action are
shown in Figs. 6 and 7. These figures show that most of the actions consumed
fewer man-hours than the averages taken from Table § and are indicated by

18
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Second echelon Thurd echelon
(organizationol) (direct support)
80 80
. - 60 -
w v
& . 3 w0} 4
- =
(8 u
< _1 < 20kl ﬂ i
i e s 0 .;l . P = F
4 8 12 16 20 0 4 8 12 16 20
MAN-HOURS PER ACTION MAN.HOURS PER ACT!ON
Actions: 79, mean man-hours: 0.87. Actions: 10; mean man-hours: 2.80.
a. adjustments
80 80
(o 7] g 60 - il
w w
: { 3 -
5 o
¢ 5 y
A E3d L A 0 . i m 'l -=d
8 12 16 20 0 4 8 12 16 20
MAN-HOURS PER ACTION MAN.HOURS PER ACTION
Actions: 73; mean moan-hours: 1.25. Actions: 20; mean man-hours: 7.80.
b. Repairs
80 80
60 | - L 60 .
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Wi ;’ -
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i
U
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0 o £ oo |
o' 4 8 12 16 2 0 4" 8 12 16 20
MAN-HOURS PER ACTION MAN-HOURS PER ACTION
Actions: 467, mean man-hours: 1,39. Actions: 122; mean man-hours: 4.67
c. Replacements
Fig. 6—Distributions of Man-Hours per Maintenance Action Expended an
M15? Ya-ton Trucks by Organizational and Direct-Support Maintenance
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c. Both Echelons

Actions: 77); mean man-hours: 1.90

Fig. 7—Dist-ibutions of Mon-Hours per Maintenonce Action for All Actions

fiducial marks on Figs. 6 and 7. At second echelon the grouping to the left was
marked. Ninety-one percent of unscheduled second-echelon actions consumed
less than 4 man-hours. almost 50 percent less than 1 hr. At third echelon the
distribution was broader. Fifty-two percent of the actions consumed less than
4 man-hours, only 2 percent tess than 1.

Coct of Man-Hours. Man-hour expenditures were costed in two different
ways. First, since the man-hours reflected in Table 6 were direcl man-hours
{man-hours expended by mecihanics and mechanics’ helpers), thev were costed
at the rate of ¥ 1.80 per hr in both second and third echelons. The £1.80 rate
is the weighted mean for all maintenance personnel of grade E-5 and lower in
the maintencnee organizations that support vehicles in armored and mecha-
nized infantry divisions under the Reorganization Objective Army Divisions
{(ROAD) organization.'"" ™" Although each echelon was analyzed separately the
rates were © 1.80 in both rases. The hourly rates used in the calculation were
taken from AR 35-247.'" Table 7 contains the hours of Table 6 costed at $1.80
per hour.,

20 RAC-T-4179
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A second costing of this labor was made by incorporating a cost for super-
vision. This was done by jnflating the man-hours of Table 6 by 15 pereent, an
inflation that assumed an organizational pyvramid based on a ratio of 1 super-
visor to 7 to 8 supervisces at every level. (This supervisor-to-supervisee
ratio was indicated by an analysis of the staffing pattern of two large mainte-
nance battalions. The ratio can be expressed as follows: number of personnel
of grade E-6 and up divided by number of persomel of grade E-5 and down,

For the maintenance hattalion furaishing direct support to the ROAD armored
division' this ratio is 14.5 percent: for the battalion supporting a mechinized
infantry division'” the ratio is 15.1 pereent.)

TABLE 7
. Costs of Direct-Mointenance Lobor per Mointenance Action
{In dollars)
Echelon
Type of oction Both
Secend Third (weighted overage)
\djustment | %5 .01 1.67
Repair 2,25 5.010 2.63
"|'||l'||'«'nu'lll 200 8.1 3.04
Total
(weiphied average) 230 Tl 200
THBLE 8

Costs of Mointenonce Labor, Including Supervision, per Mointenonce Action
{In dollors)

Echelon
i 1 i .
ype of oction Both
{ Second Third °
! (weighted nveroge)
Adjustment 1.90 6.1 2.00
Repair 2.1 o114 3.30
Replacement 312 10.71 3.41
. III(\lill
. (weighted average) 2.93 9,89 3.53

Based on the rates shown in AR 35-247.° the mean cost per second-eche-
l‘ lon man-hour considering all maintenance perscnnel in second echelon (super-

visors as well as mechani. s) was found to he £1.95. For third echelon the
cost was found to be #2 per man-hour, Table 8 shows the cost of labor per
maintenance action when the man-hours shown in Table 6 are inflated by 15
percent and then multiplied by these man-howr labor costs.
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Supply

Parts. The cost of parts consumed was determined for each maintenance
action in Taole 5 by costing parts at their list prices taken from Army
manuals.'”” The mean cost of parts repliced per second-echelon ropl;u‘é-
ment action was found to be 79.50. For third-echelon replacement actions a
mean cost of 195 was found. The weighted mean for both echelons was about
P17 per veplacement action. Table 9 summavizes these results.

TABLE 9

List Cost of Poris per Replacement Action

Echelon List rost, dellors
Secand 9,50
fhard 95,00
Both: twenghted averaee! | 7.00

Figure 8 shows the distribution of these costs for each echelon and then
for both echelons combined. Sixtv-eight percent of second-echelon replace-
ment actions consumed less than #5 of parts, though a few cost more than £100.
The very-high-cost second-echelon veplicement action usually involved the
replicement of tires. At third echelon 30 percent of the replacement actions
consumed less than 35 of parts, another 20 percent between 15 and 710, and
almost 30 percent between 7300 and £325. The latter were all engine or trans-
m:ssion replacements charged at list price. Thirteen percent of third-echelon
replacement actions had parts costs scattered between 15 and £100; none fell
between $100 and 7300,

A second cost of parts was developed in which the following major repar -
able items were costed at 30 percent of list price:

Engine Generator
Transniission Carburetor
Differential Fuel pump
Distributor Radiator
Battery Water pump
Starter Tire

Thirty percent is the accounting value generally used by the Army to re-
flect the cost of returning reparable items to serviceable condition. (A previous
RAC study' showed that rebuild costs of 18 M38 direct-exchange {(NX) items
averaged 26 percent of their list price.) Since a large number of replacements
of the items listed arce or will be rebuilt rather than new, the rvesulting parts
costs per replacement action shown in Table 10 are probably a more reasonable
measure of parts costs than are the full list costs shown in Table 9,

Indireet Costs. No study of indirect costs of supplv was undertaken as
part of this studv. However, such a study was previously conducted for the
support of M38-series Vi-ton trucks at Ft Knox." The analysis accounted for
procurement, storage, and distribution costs commonly referved to as SSI.
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Fig. 8—Distributicns of Costs of Ports Consumed in Replocement
Actions Performed on M151 'ston Trucks

Costs are list prices of parts replaced.
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The average cost of these activities was found to he 2.6 times the list price of
the items supplied.

Another portion of the M38-series Yi-ton truck report dealt with the re-
pair coste of reparable items. When the S81 tactor is eombined with the re-
pair costs for reparable items, it was found that the sverage cest of all parts
installed was 2.27 times the list pr e at orgasizational level and 1.37 times
the list price at third echelon.

TABLE 10

Cost of Ports per Replocement Action, Assuming 30 Percent
Rebuild Cost foi DX ltems

Echelon Cost, dollors Percent of list cost
Second 6.70 0.5
Third 230 30.1
Both (weighted average) 9.00 529
TABLE N

Cost of Ports per Replocement Action Including $5I

Echelon Cost, dollors
Second 21,50
Thied 130.00
Both (weighted average) 31.00

Table 11 summarizes the results of applying these parts cost factors to
the list price costs shown in Table 9.

Distribution of Maintenance Activity and Resource Consumption
by Echelon

The distribution of maintenanee activity and resource consumption between
echelons is summarized in Table 12. Of the 2243 maintenanee actions shown
in Table 4. 91 percent were performed at second echelon and 9 percent at third.
However, 24 percent of all the man -hours, 50 percent of the list-price dollar
value of parts consumed, and 36 percent of the dollar value of all consumed
support-system resources accounted for were vonsumed at third echelon.

TABLE 12

Distribution of Mointenonce Actions ond Support-System
Resource Consumption between Echelons

Distribution, %

Item
Second echelon Thicd echelon
Maiotenance actiops obseryed ol 9
Man-tonrs consnmed 7O 21
Erst-price value of parts consnme 50 50
Dollar vadue of all resonrces considered a1 36
24 RAC-T-479
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Second-cchelon mamtenance accounts for ten times as many actions as thivd
echelon hut consumes less than twice as many maintenance doilars.

Summary

The two resourrces consunied by mamntenance of the M151 'a-ton truck are
nun-hours and supply resources. Supply vesources include parts. supply-
system manpower, and overhead, Parts costs used in the effective life caleula-
tion were based on list prices adjusted to take account of SST and costs incurred
during repair or rebuild of reparable DX items.

Table 8, which shows labor costs and Table 11, which shows adjusted parts
costs, are combined in Table 13 to give the total dollar eost of support-system
resources (exeluding maintenance toois and plant and personnel support) con-
sumed per maintenance action.

TABLE 13

Dallars Cansumed in Parts, 551, and Direct and Supervisur
Y
Labor per Maintenance Actian

Cost by echelon, dollors

Type of oction
Second Third Both (weighted overoge)
Adjustinent .96 0.t 2,00
Repair 281 6.4 3.30
Replacement 2162 0.7t 34.81
Toral
Greighted average) 1914 11130 2033

RESPONSE TIME

Introduction

“Response time” is the time that elapses between the communication of a
demand for maintenance support and the satisfaction of that demand. The
longer the time, the lower is the availability of a fleet of equipment.

Response time is affected by the efficiency with whivh the maintenance
organizations allocate ard employ their resources and the efficiency of the sup-
ply system in anticipating demands for parts ond prepositioning the parts where
they will be needed.

Downtime

Although 91 percent of all unscheduled maintenance actions studied in the
previous section occurred at second echelon, response time was not recorded
there. Not all such actions implied an immonhilized vehicle, but many of them
did, and the absence of data on how much time elapsed in returning the vehicle
to operability for these actions constituted a research data gap. Deadline re-
ports were of assistance, but because they ure made only at 24-hr intervals
many short jobs never appear on them. To fill this gap, an analysis was made
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TABLE 14

Downtime for Replocements of Prime Mobility Parts

Average downtime

per replacement Jobs Downtime
System Port job, days observed Echelon source
Power and Clutc bt 0.5 101 3 |"\1.|(7l'
propulsion Differential?! 0.1 1! 3
Fngine? 0.5 66 3 l
Propeller shafre!+t Rty a1 2 - \MLO
Transmission! 0.5 138 3 DR
Flecirical Batteny 2.0 31 P DRI
Belt, pencrator .5 18 k.
Coil 0.5 10 2 DR,
Distributor 0.5 al 2 I
- Generator 1.2 a0 R DILE
Regubinor,
generitor 1.0 06 ) I
§ Spark plug 1085} 110 2 F
Starter 1.5 12 2 DR.F
Suspensi o Brake master
ovhinder 0.5 i 2 I
*Suspeasion arm®! 1.0 10 2 l
Tire 0.5 a7 2
“Wheel bearing® 1.0 185 B I
I'nel Carburetor 1.5 T 2 DRI
*IMuel pump? 1.0 01 2 DR.E
Coaling *Radiator! 3.2 101 3 1'MJO
MNater ponp! 0.5 G 2 k.
Vehicte weighted average RN 1118 - —

Mlard-core parts—their weighted mean downtie is 3.9 davs job.

ikt maintenance job orders.

“Only rear propelier shafts were counted as hard cares 20 of the 33 propetter-shaft replacement jobs
(‘I'S('l'\ (‘(l were rear '“'”pl'll('r‘ﬁh"[l jﬂl).\'.

Meadline report.

Clstimate,

{ by (a) selecting a group of maintenance actions that usually represent a seri-

| ously debititated vehicle (the rationale of this selection is stated at length in

] Chap. 4) and (b) estimating mean response times for the selected actions per-
formed at second echelon. Deadline reports and third-echelon downtimes were
used as guides in making these estimates.

Third-echelon actions were fully documented with beginning date and end-
ing date. For all third-echelon jobs performed on M151’s in the total sample,
the mean clapsed time between the request for work and the completion of the
‘ work was 6.5 days. The distribution about this mean is shown in Fig. 9. The
”' mean response time for engine, transmission, and clutch replacements were
all coincidentally 6.5 days; however, the distribution for each of these three
, jobs differs (see Fig. 10).

H The availability and reliability analyses in this study were based on re-

; placements of the prime mobility parts shown in Table 14. The table also
shows the mean downtimes associated with each type of action and the source
of the downtime information. The parts are grouped by vehicle system.
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As is further explained in Chap. 4, some of the parts of Table 14 werc
designated as “hard-core prime mobility parts™ on the basis that replacement
of one of these parts would probably represent actual vehicle immobilization
rather than mere vehicle impairment. The mean downtime per hard-core job
was 3.9 days.

The estimated downtimes are regarded as conservative since they rely on
the assumption that the necessary parts and maintenance resources are usually
available to perform the jobs soon after they arise. The following discussion
of supply-system response to requisitions for parts placed at organizational
level suggests this assumption s optimistic with respect to parts.

Supply Performance

The data base of this discussion is about 2300 requisitions for Mi51 i
ton truck parts placed at organizational level in the units studied in detail dur-
ing calendar year 1963. Times to fill these requisitions are shown in Fig. 11.
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Fig. 11—Time To Fill Organizotionol Requisitions for
M151 Y-ton Truck Ports .

Mean: 44 days.

The inean time to fill was 44 dayvs. The curve shows that after 1 day less than

2 percent of the requisitions were filled, after 6 days less than 15 percent were
filled. and a4 month was required to achieve a 50 percent fill. This curve varies
very little among units, and is very similar to waat for the tank or the armored

personnel carrier (APC). The presence or absence of the requisitioned part

on the stockage list seems to huve essentially no effect on the curve of Fig. 11.
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This problem is well known and is fully documented in RAC-TP-158.""
The data presented here are intended to portray the problem only as it applies
to M151 Yj-ton trucks and to emphasize it as a partteularly disturbing aspeet
of support-svstem response to M151 demands,

Summary

Downtimes for critical second-echelon maintenance events were estimated
with aid from deadline report information. The mean downtime per critical
event was determined to be 2.5 days. For the hard-core prime mobility parts
the mean downtime per «vent was 3.9 days. These estimates are presumed con-
servative because they are based on an assumption that repair parts are usually
readily available. The possibly optimistic nature of this assumption is demon-
strated by the finding that the supply system required a month to {ill half the
requisitions for M151 4-ton truck parts plared at organizational level,
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Chapter 3

PERFORMANCE OF MAJOR ASSEMBLIES

INTRODUCTION

This chapter has two purposes: to discuss the performance of engines
and transmissions as important aspects of M151 performance; and, using en-
gines and transmissions as examples, to introduce and demonstrate the idea
of performance equilibrium—an idea employed in Chaps. 4 and 5 in projecting
M151 performance and maintenance costs.

Engines and transmissions are major assemblies in their cost, complex-
ity. and essentiality to successful vehicle operation. This chapter presents
their observed replacement rates as they vary with age, then projects these
rates t¢ estimate future rates; assembly mean lives are estimated. Since
few data on the perfornance of replacement assemblies were available, the
projections assumed that -eplacement assemblies perform the same as orig-
inal assemblies.

In the last section of this chapter the available data on the performance
of replacement assemblies are compared with the performance expected when
they are assumed to perform the same as the originals.

DESCRIPTION®

The engine is a liquid-cooled 4-cylinder-in-line overhead-valve gasoline
71-hp engine. The transmission has four speeds,of which the top three are
synchronized,and a torque rating of 120 ft-1b.

LIKE-ORIGINAL PERFORMANCE

Method

For each ot ‘he twe assemblies the following analysis was conducted:

(a) A statistical distribution wasfitted to the observed replacement rate of
original assemblics. From this distribution it was possible to project the re-
placement rate of original assemblies and to estimate the mean and standard
deviation of original assembly life.

30 RAC-T-479
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{h) Assumiig that replaicement assemblies have the same replacement
rate vs age as that projected for original assemblies (i.e., have “like-original "
performance), replacement rates of second, third, and for transmissions,
fourth assemblics were derived.

{c) A projoction of the totul rephacement rate was derived by adding the
projected rates for original assemblies and subsequent assemblies.

Finally, the replicement rate of the two assemblies combined was derived
by adding their sepiarate rates.

Engines

Observed Performance. The cumulitive repliacements of M151 engines
ohserved during the study are shown in Fig. 12, By the end of the first 19,000
miles of vehiele life the total number of engines replaced amounted to just
under 15 percent of the number of vehicles. However, this percentage does
include some second replacements. The performance of the original engines
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(i Fig. 12—0Observed Cumulative Replacements of Engines

and their replacements is shown in Fig. 13. By the end of the first 19,000
! miles of vehicle life 14 percent of the original engines had failed. The ‘ncreas-
ing slope of the curve indicates that replacementswere occurringatanincreas-
ing rate. In particular, in the first 10,000 miles about 5.5 percent of the engines

i were replaced as compared with 8.5 percent in the next 10,000 miles—an in-
it crease of more than 50 percent.
. Analysis. To project the replacement rate of original engines a statistical
curve was fitted to the data. Figure 14 shows the portion of the curve correspond-
" ing to the age range covered by the data.

Figure 15 shows the statistical curve (*Original”) extended to 80,000 rniles.
. This constitutes a projection of th2 replacement rate of original engines. En-
gines replaced according to such a curve have a mean life of 51,400 miles with
a standard deviation of 23,000 miles.
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Fig. 14—Theoretical nnd Empirical Cumulative
Replacements of Originai Engines

Also shown in Fig. 15 are the expected replacement rates of second and
third engines if they perform like the originals. Under the like-original as-
sumption, rates of fourth and higher-order engines are negligible in the O-to-
80,000-mile range.

Of special interest is the rate at which these replacements occur at par-
ticular vehicle ages (see Fig. 16). The total rate levels off at about 55,000
miles at a value of 9.4 percent per 5000 miles—4.7 times the rate of 2 percent
when the vehicle was new. The constant rate is called “equilibrium” and is
expected to continue indefinitely, provided only that all engines have a replace-
ment rate the sume as that of the original engines,
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Fig. 16—Prajected Engine Replacement Rates

Assuming like-original performance of replocement engines.

Transmissions

Observed Performance. The cumulative replacements of M151 trans-
missions observed during the study are shown in Fig. 17. By the end of the
first 19,000 miles of vehicle life the total numier of transmissions reylaced
amounted to 33 percent of the number of vehicles. of which 25 percent were
original transmissions, 6 percent were replaced for the second time, and 2
percent for the third time. As was the case for engines, the replacement rate
of the original assemblies increased. Eight percent were replaced in the {irst
10,000 miles and 17 percent i the second 10,000 miles.
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Analvsis. The statistical curve fitted te the transmisston data 1s shown
compared with the data in Fig, 18, The curve "Original™ in Fia, 19 shows the
3 statistical curve essentially in its entirety; it constitutes it projection of the
replacement rate of original transmissions. Transmissions rephiced accord-
ing to such a curve have a mean replacement age of 32,000 miles and a stand-
ard deviation of 18,000 miles.

The other curves in Fig. 19 are the expected veplacement rates of second,
third. and fourth transmissions if all replacement transmissions have the same
performance as that projected for the original transmissions. Fifth and higher-
order transmission replacements are negligibte in the 0-te-80.000-mile age
range under the assumption of like-original performance,

In Fig. 20 the projected replacement rates are shown noncumulatively,

As with the engine, an equilibrinm in the total rate eventually occurs. The

. equilibrium vatue of 14.5 percent pe: 5000 miles is first attained at about
30.000 miles, is then exceeded siightly, and is returned to at about 50.000
miles: {rom there it will exist indefinitely provided only that each order of
transmissions has lke-original performance. The cquilibrium rate is about
five times the initial rate of 3 percent. 5000 miles.
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Engines and Transmissions Combined

To shew the accumulition of major assembly replacements according to
the projections previously presented, Fig. 21 has been prepared. After an
early slow rate of aceumulation, there is a strong upiurn between 10,000 and
20.000 miles. After 20,000 miles the accumulation is quite steady. By 55.000
miles the average M151 will have experienced two major assembly replace-
ments if replacemoent assemblies give like-original performance.

Figure 22 shows the rates noncumulatively. The curve for the assemblies
combined exhiiits the same behavior as the individuai curves: ofter an early
rise the replicement rate becomes constant. The combined rate curve flattens
at about 39,000 miles a* a level of 23.9 percent per 5000 miles and will remain
there as long as each replacement order of each assembly has like-original
performance.

ACTUAL 2FRFVORMANCE OF REPLACEMENT ASSEMBLILS

In this section the actual performance of replacement assemblies is dis-
cussed. 1t was not possible from the aviailable data to determine preciselv how
many replacement 2ssemblies were new and how many were repaired. However,
the early replacement engines obhserved were probably preponderantly new be-
cause most of the sample vehicl s were among the eariiest issued and the as-
scmbly repair pipeline wa s not sufficiently established during much of the
study period to furnish . ignificant number of rebuilt engines. Rebuilt trans-
missions were probably .« .ailable more frequently than rebuilt engines because
(1) more transmissions were replaced and the repair pipeline could therefore
be {illed more quickly. (b) transmissions are simp; assemblies and hence
are more casily repaired, und (c¢) the heavier demand ior replacement trans-
missions probablv made “epair more urgent.

Method

Investigation of the actual periormance of M151 replaceraent assemblies
consisted of com.aring the actual performance to the performance predicted
by two different teciniques. The two prediction techniques are described in
<he following paragraphs.

(a) 'r'he replacement rate of assemblies was assumed to depend only on
the miles of usage accuimulated on the assembly, and the rate for original as-
seniblies was assumed to apply identically to subsequent “new” or unused as-
semblies. This technique is the like-origiral technique of the previous section;
it was expected to give optimistic predietions becauc . it assumes that a:,sembly
performance is not influenced by the aging of its mechanical operating environ-
meit.

(b) The replacement 1ate of assemblies was assumed to ¢~pend only on
vehicle age regardless of assemt iy age or order of replacement; the rate was
assumed to be just the total rate observed for each assembly. This technique
assumes that when a vehicle has gone 10,000 miles the probapility of replace-
ment of a given major assembly will be the same regardless of whether the
agzembly then in the vehicle is the original one, is a “new” repla-ement that

36 RAC-T-479

FOR OFFICIAL USE ONLY

SN AL T . AL AU S i S G 320 ¢ o b

GRS SN TIE

oo

el St & e i

KBNStk RS R St ot iiain

LR

A

3




e e T TR

FOR OFFIiCIAL USE ONLY

has just been installed, or is a rebuilt third replacement that has been used
during 1000 mites of vauicle operation. This techmgue was expected to give
pessimistic predictions because it assunies that the probability of asscembly
replacement is not reliaced to the age of the assembly itselt. The predietion
technique based on this assumption will be catied the “vehicle-age™ technique.

The rates predicted by the two techniques were then compared with the
observed rates of veplacement assemblies shown on the empirical curves of
Figs. 13 and 17.

Engines

Two predictions of second-engine replacement rates are shown in Fig. 23:
one based on the application of the like-original technique and the othor on the
vehicle-age technique. As expected the vehiele-age technique is the more
pessimistic predictor, forecasting a rate about double that predicted for like-
original performance.
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Fig. 23—Twa Predictions of Cumulative Fig. 24—Actual Cumulotive Replocements of
Replacenents of Second Engines Secund Engines Compared with

== Like-original teci.nique Two Predictions

=« — ‘ehicle-age technique Number of secand engines
abseived, 66 und ieplaced, 7.
Actual performance
~— + == | ike-ariginal technique
— = — Vehicle-age teclinique

The actual performance is compared with the two predictions in Fig. 24.
The actual replacement rate was about three times as high as that p.edicted
for ~ngines giving like-nriginal performance and 50 percent higher than engines
assunied to fail according only to vehicle age.

Transmissions

Two predictions of replacement transmission performance are presented
in Fig. 25. Assuming like-origiaal performance, cumulative second replace-
ments will number 1.5 pzrcent of the fleet by vehicle age 19,000 miles; cumula-
tive thirds will be essentially zero. The vehicle-age technique predicts 4.5
percent second and 0.5 percent third replacements.
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Figure 26 shows the actual performance of second and third transmissions
compared with the predictions. For second transmissions the actual replace-
ment rate (6.4 percent) is more than four times the rate predicted if replace-
ments give like-original performance and nearly ore and one-half times the
rate based on the vehicle-age prediction technique. In the case of third-
transmission replacements the like-original technique predicted essentially
zero replacement but the actual cumulative rate of replacement at 12,000 miles
was 1.6 percent. This actual third-transmission rate is three times as high
as that predicted by the vehicle-age technique.

Discussion

The significance of these results depends in part on the proportion of as-
semblies that was new. As was explained earlier in this chapter a number of
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factors mdicate that nearly all engime replacenents weve ew or nonrebuilt but
that a Lirger proportion of transmission replrcewents might have been rebuilt
during this period. I most of the replacement assemblies were new, possible
causes for their less-than-original performunce would be the inferior quality
of installation and the elfeets ol the aging vehiele on the functioning of a new
assembly. Whiatever the cause, the result waslower reliability and increased
support requivements.

It should be noted that these results are based on scant data: the number
of veplacement assemblies and the number of repliacements were smali. Heuce,
although the results are phrased strengly and in precise numevical terms, they
are best viewed simply as early indications of replacement-assembly perform-
ance infevior to original-assembly performance. Further observation would
be needed to determine how inlerior it will be over 20,000 or 30,000 miles of
replacement-assembly life.

CONCLUSIONS

Original engines have a mean life of 51,400 miles: oviginal transmissions
have a mean life of 32,000 miles. The standard deviation of each is about oue-
half the mean life: for the engine 28,000 miles. for the transmissiou 14,000
miles.

For each assembly, if replacement assemblies perform the same as the
projected performance of original assemblies, an equilibrium replacewnent
rate about five times the replacemeut rate on brand-new vehicles will occur by
about the mean life of the assembly. This equilibrium rate is just the recipro-
cal of the mean life. For engines the initial rate is 2 percent/5000 miles; the
equilibrium is 9.4 percent. For transmissions the initial rate is 3 percent;
the equilibrium is 14.5 percent/5000 miles.

Equilibrium for the combined rates occurs at about 39,000 miles, a vehicle
age approximately the weighted average of the venhicle ages at which the indi-
vidual equilibriums occur, taking as weights the equilibrium proportion of three
trarsmission replacements to two engine replacements.

From the predictive point of view the influence of equilibrium is striking.
The ascent of the replacemeunt vrate for the combined assemblies in the first
20,000 miles of M151 life is expected to stop abruptly by 40,000 miles if replace-
men{ assemblies perform iike the originals.

Transmissions failed at about twice the raic of engines over the period of
life observed.

Replacement assemblies gave early performance markedly inferior to
original assemblies. Second-engine replacements accumulated to 2 percent of
the fleel size at about three times the rate they would have had they performed
as well as the originals did. Second-transmission replacements accumulated to
6.5 percent of fleet size at four times the rate they would if they had performed
as well as the originals. Third-transmission replacements accumulated to 1.6
perceut of fleet cize over a period during which they would have w.ccumulated
to less than i, of one percent had they and second assemblies performed as
well as original assemblies. Because of the small data base of the replacement-
assembly analysis, these results should be taken only as early indicators and
not as strong measures of replacement-assembly performance.
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Chapter 4
M151 PERFORMANCE
INTRODUCTION

In this chapter M151 performance as it varies with veiicle accumulated
mileage is developed from the data and then is projected beyond the data into
mileages of relevance for determining vehicle lifetimes.

MEASURES OF PERFORMANCE

The measures of performance used in this analysis were vehicle-break-
down rate, mean miles per breakdown. reliability (the probability that a vehi-
cle can negotiate some amount of movement without breakdown), availability
(the probability that when called on to perform a mission the vehicle will not
be out of service because of a breakdown), and mission-success index (a com-
bination of reliability and availability)., The rate of all unscheduled mainte-
nance actions is also presented as » gross measure of performance.

The basic data here are the breakdown rate and *ime out of service per
breakdown; given these, all the primary measures can be derived. However,
these two basic data are not explicitly coutained in supply and maintenance
data such as the study had, since the degree of disability corrected by a mainte-
nance action and, if the action was taken at organizational level, the time out
of service incurred are not recorded. Times out of service at organizational
level were estimated in Chap. 2. The p.arpose of this section is to define
“breakdown™ in terms of the available data and to define precisely the other
measures of performance employed. Mathematical statements of the measures
are in App A.

Unscheduled Maintenance Event Rate

A fundamental measure of vehicle performance i» the “unscheduled
maintenance event rate.” A maintenance event is a respouse of the support
system to a vehicle demand for maintenance. The events considered were ad-
justments, repairs, and replacements: all such actions known to have bcen per-
formed on the M151's s‘udied were regarded as unscheduled (i.e., they were

taken in response to the condition of the equipment, not the date or the mileage).

Such events represent incidents of actual or articipated vehiele deficiency.
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TABLE 15

M151 t.ime Mobility Parts

System and nomenclature

FSN

Fover and propulsion
Clutch
Parts kit
l)is(
Pate
Thrust hearing
Thrust bearing
Differential
Fngine
|’rnp shaft
Front
I;(‘ilr
Transmission
Flectrical
Battery
Belt. generator
Coil
Distribnien
Generator

Regulator, generator

Spark plug

Starcer
"l

Carburetor

Fuel pump
Suspension
Bearing, wheel

Brake cvlinder
Suspension arm
Tire

Cooling
Radiator
Water pump

25 20-887-11953
DHML6TR-1311
2320-0678-1316
A10-11E 3004
A110-1538-6100
2T20-078-3123
2805-678-1820

DR206768-3072
2320-078-3073
2520:6703- 1808

6110-057-2053
3030-08 1-1 186
2020-32 417
2020-678- 1300
2020-31 10356
2020.7353-5373
2020-T37- 150
2020:335- 1677
2020-335- 1678
2020-510-9176
2020-693-6315
2920-632- 1088
2020-752-1258
5935-835-T721

2020-678- 1850

2320-678-1359
2010-678-1857
2910-678- 1850

2530-887-13 11
JT10-678-1863
2530-678-3077
2530-678-3118
2610-678-1362

2020-678-3232
2030-678-1819

Prime Mobility Parts

A measure of vehicle breakdown was developed by counting as a break-

down the replacement of any of the several prime mobility parts listed in
Table 15. More precisely, the replacement of any prime mobility part was
considered to represent a significant vehicle impairment. The meaning of
the list and the rationale behind its constructicn are more tully explained in

the following paragraphs.
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() Only replacement actions were considered because they were vegaided
as representing vehicle disabilities that were usually more serious than those
corrected by adjustment.: and repairs.

(h) Nomenclature of a part was taken as the basic identifier because
many parts were represented by more than one FSN. Further, although the
FSN of the replacement part was usually known, the FSN of the one replaced
usually was not. The latter condition prevented the eomputation of separate
replacement rates for individual FSNs.

{c} To be included on the list. a part had both to be deemed important to
reliability and availability and to have experienced a number of replacements
in the vehicle sample observed.

(d) Although some of the observed replacements of these parts were un-
doubtedly made in anticipation rather than in correction of failure, all replace-
ments were included in the determination of reliability and availability. This
was done on the iassumption that the parts thus replaced probably would have
failed soon had they not been replaced.

{e) Although a number of oecasions are known in which replacements of
more than one part occurred simultaneously on the same vehicle, the replace-
ments on such occasions were counted as separate events. This was done on
the assumption that some parts werce replaced preventively because the vehicle
was already in the shop for a failed part and it was convenient to do both at
once. In such cases the repluced part weuid probably have failed soon and
generated a replacement event on its own account. Counting these venlacements
as separate events probably understates the actual vehicle reliability; however,
this effect was at least partially offset by doing the opposite for the replace-
ment of several of the same puarts in a single action. For example, the simul-
taneous replacement of twn tires was counted as one replacement event even
though two disabilities were probably corrected—: resent one and a potential
near-future one. An exception to the procedures described here was made in
the case of clutch parts. Simultancous replarement of clutch disc, plate, and
thrust bearing was regarded as a single event. In this chapter the terms “re-
placement job™ and “replacement action™ are used to refer to the replacement
of several parts of the same kind; the term “replacement” refers to the re-
placement of an individual part.

Hard-Core Prime Mobility Parts

To lend perspective to the definition of breakdown just given, a second
list, called the hard-core prime mobility parts, was formed by eliminating
certain piarts from Table 15. Included were pavts ihat (a) usuallv do not have
to be replaced to permit the vehicle to complete its movement (e.g., spark
plugs, battery, and starter); (b} usually can be replaced in a short time (e.g.,
tire and fan belt); and (¢) are usually replaced anticipatively when partial de-
terioration is evident (e.g., battery, spark plugs. distributors, carburetor, coil.
and master cylinder),

This hard core consists of 10 items which were found to account for 46
pevcent of the prime-:inobility-parts replacement jobs observed. As the name
suggests, "breakdowns” defined by this lis: of parts were considered “harder.”
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i.c.. more serious, more literally breakdowns m vehicle operability. This
hard-core vrime mobility parts list includes the following:

Engine
Transmission
Clutch
Differential
Rear prop shaft
Fuel pump
Radiator

Water pump
Suspension arm
Wheel bearing

Vehicle-Breakdown Rate

A meaningful measure of vehicle-breakdesn rate was regarded as being
somewhere between the sum of the replacemeat action rates of all the prime
mobility parts and the sum of the replacement action rates of the hard-core
parts. In the remainder of this memorandum, whenever breakdown rate and
measures based on it are portrayed, they are shown as bands rather than lines;
the upper and lower boundaries of the bands are determined by the full list and
hard-core list.

The hard-core list was regarded as the truer measure of incidents of
actual inoperability and the full list as the truer ma2asure of incidents of signifi-
cant impairments, including incidents of inoperability.

Mecan Mileage per Vehicle Breakdown

This measure is the reciprocal of the vehicle-breakdown rate. 1t is the
mean vehicle usage that generates one vehicle breakdown,

iv_ailabilitl

Availability is the probability that a vehicle is not broken down. 1t is a
measure of vehicle and support-system performance combined. Vehicle avail-
ability depends on (a) how frequently vehicles fail and (b) how long the support
system requires to restore a failed vehicle to serviceability.

The availability measure used in this study is called “availability potential”
for reasons sct forth in App A. The full list and the hard-core replacement
rates were used to determine the lower and upper boundaries of a band of avail-
ability potential.

Reliability

The term “reliability” is used in this study to mean the probability that
some mission will be accomplished successfully. “Mission” was defined to be
500 miles of operation and “success” was defined in two ways: (a) without re-
quiring the replacement of a prime mobility part and (b) without requiring the

RAC-T-479 43

FOR OFICIAL USE ONLY




FOR OFFICIAL USE ONLY

replacement ot a hard-core prime mobitity part. Rehability based on the hard-
uoy racts s the upper boundary and that based on the full list is the lower
boundary of the band of reliability derived.

Mission-Success Index

The mission-success index 15 a measure of availability and reliability

combined and is calceulated as the product of availability potential and reliability.

It is the probability that a vehicle will be able both o start and to successfully
fimsh a randomly demanded 500- mile movement.

OBSERVED PERFORMANCE

All Unscheduled Maintenance Actions

Figure 27a shows the upward trend of the rate of occurrence of all un-
scheduled maintenance actions as accumulated vehicle mileage increases. The
curves for each type of action show clearly that this upward trend is attributable
to replacement actions only; the rates of adjustment and repair are relatively
constant. The adjustment rate averages 0.2 adjustments per 1000 vehicle
miles, about double the repair rate. The replacement rate Legins at 0.5 re-
placement actions per 1000 vehicle miles (about 63 percent of the rate for all
actions) and increases to 1.6 replacement actions per 1000 vehicle miles at
18.000 miles {about 80 percent of the rate for all actions and about triple its
initiul value of 0.5). The peak around 10,000 miles was caused by coincidental
replacement of various eleetrical, suspension, and cooling-system components,

gu 2 T T T T T T
5 e All actions Both echelons \/—/\
<w i 5, /_/;\/\/-/\
i} ®
g3 1L b o Secdr;d echelon =
-.;('Eu g // peplucemen?s
> &
W, Ad|ustments Repairs Thi.d‘echelcn
z —— A~ il =
< 0 1 e v 1 [
* 0 5,000 10,000 15,000 20,000 0 5,000 10,000 15,000 20,000
MILE> SINCE ISSUE MILES SINCE ISSUE
a. By Type b. By Echelon

Fij. 27—Rate of Occurrence of Unscheduled Maintenance Actians

Abnut 41 percent of the maintenance actions occurred at second echelon
and the remainder at third (see Fig. 27b). This ratio remains fairly constant
in vehicle age.

The analysis of action types for third and s2cond echelon shown in Figs.
28 and 2% demonstrates that in both echelons increases in the total action rate
are due primarily to increases in replacement actions and that the rates of
repanr and adjustment were relatively constant. The proportion of replacement
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actions to the total number of actions was stightly larger at third echelon than
at sceond, averaging 80 percent compared with 75 percent. Also the ratio of
repairs to adjustments differed: at second echelon there were two adjustments
for each repair, at third echelon there were three.

0.4 T T T
“ 03l A
3
3
® 02 c
o
z
5]
5 00k .
R

0 NSy T -

0 5000 10,000 15000 20,000

MILES SINCE ISSUE

Fig. 286—Rate of Occurrence of Third-Echelon
Unscheduled Mcintenance Actions, by Tyvpe
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~— .— Repairs ===--- Adjustments
2 T 1 T
o
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S ] ~~7
-3 e
2
T . e oS m- - PRalS
0 e S ey P . fpone o
0 5,600 10,000 15,000 20,000

MILES SINCE ISSUE

Fig. 29—Rate of Occurrence of Second-Echelon
Unscheduled Maintenonce Actions, by Type

All = = — Replacements
= . — Repairs ==e=-- Adjustments

Vehicle-Breakdown Rale

The vehicle-breakdown rate is shown as a band in Fig. 30. The upper
boundary of the band is the sum of replacement-job rates for prime mobility
paris. The lower boundary is the sum of replacement-job rates for the hard-
core prime mobility parts. The band slopes upward with increasing vehicle
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age. The relatively constant width of the band indicates that the tendency to
merease comes primarily from the hard core; the remainder of the prime mo-
bihty parts apparently have a relatively constant replacement job rate over the
first 20,000 miles of vehicle life.

40 Y

1 T

Full list
4

Lot
o

PER 100C MILES
"~
L= ]

Hard-core list .

RREAKDOWNS PER 100 YEHICLES

0 1 I 1
0 5,000 10,000 15,000 20,000

MILES SINZE ISSUE

Fig. 30—~0Observed Breakdown Rate:
Replacement Rote of Prime
Mobility Ports

Hard-core replacement jobs begin at a rate of about 5 per 100 vehicles
during the first 1000 miles, By age 20,000 miles this number has increased
to about 18 per 100, or 3.6 times the eavlier rate,

The full-list rate starts at about 15 jobs per 100 vehicles during the first
1030 miles of movement, Byage 20.000 miles it has reached a level of about
32, a little more than dauble its initial value.

A line through the middle of the band would start at 10 jobs per 100 vehi-
¢les and reach 25 by 20,000 miles. indicating a growth of 2'% times in the
151 breakdown rate,

Mean Mileage per Vehicle Breakdown

As shown by the band in Fig. 31, the mean miles per vehicle breakdown
decline rapidly in the first 10,000 miles of vehicle 1ife, then decline more
slowiy. The sharp dip at 10,000 miles exaggerates this appearance. The
initial range is between 8000 and 16.000 miles per breakdown; by 20,000 miles
this has dropped te between 35790 and 6000 miles per breakdawn.

Availability Patential

The “observed availability potential™ shown in Fig, 32 was formed from
the empirical replacement rates shown in Fig, 30 and the mean downtimes per
replacement presented in Chap. 2. The band bounded by availability potentials
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Fig. 31—0Observed Mean Miles per Vehicle Breakdawn
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based on the hard-core and full lists of the prime mobility parts is very narrow
and diminishes to a line beyond 16,000 miles.

The availability potential declines slightly over the first 20,000 miles of
M151 life from an initial value of between 0.98 and 0.99 to about 0.97, about a
1-percent change.

Reliability

The observed reliability is shown as i1 band in Fig. 23; it was derived
directly from the empirical breakdown ratas of Fig. 30. The hard-core reli-
ability was about 0.97 when the vehicles were new and dropped to about 0.92
during their first 20,000 miles of life (a drop of about 5 percent); the full-list
reliability fell from about 0.93 to about 0.86 (a decrease of about 8 percent)
over the same period. Using the midline to summarize, reliability is re-
garded as havirg been about 0.95 when the vehicles were issued new and
having droppec 6 to 7 percent to 0.89 durirg the first 20.000 miles of life.

1.0 : . — 1.0
Hard-core list g T 1 T
% ' ””W/ Hard-core list ]
<
T -
0.8} - J 08} i
Full fist Foll list
>
w
a
<
E 0.6 - - 2 0.6 .
El w
E g
2 2
@ o4} - i 04 .
H
0.2} - 0.2 -
0 ! 1 I 0 L 1 |
0 5,000 10,000 15,000 20,000 0 5,000 10,000 15,00 20,000
MILES SINCE ISSUE MILES SINCE ISSUE
Fig. 33—Observed Reliability as a Fig. 34—Observed Mission-Success Index
Function of Vehicle Age os a Function of Vehicle Age
(Mission: 500 miles) (Use rote: 550 miles/month; Mission: 500 miles)

These figures mean that when the M151’s are new, an average of 3 per-
cent will be unable to complete a 500-mile movement because of a major fail-
ure and 7 percent are expected to experience at least a significant impairnient.
M151’s of age 20,000 miles are expected to experience more than twice as
many difficulties, i.e., 8 percent would be disabled and a total of 14 percent
would experience at least significant impairment.
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Mission-Success Index

The observed mission-success index is simply the product of the observed
availability potential and the vbserved reliability (see Fig. 34). Tkis success
index is 0.97 for a new M151 if only hard-core parts are considered; the index
has decreased to approximately 0.90 by 26,000 miles. If the full list of prime
mobility parts is considered ihe probability is 0.93 at new issue and about ;
0.84 at 20,000 miles.
In other words. for new vehicles the percent unable to start and complete
a 500-mile march ranged between 3 and 7; this incapacity more than doubled
during the first 20,000 miles of M151 life to between 10 and 16 percent.

Conclusions 3

Most of the results reported in this section were derived from two sets
of basic information: the rate of occurrence of maintenance events and the
time out of service per event. The implications of these two were expressed
as measures of reliability, availability. and mission success. Vehicle failure,
unavailability, and unreliability double in the first 20 "0 miles of life.

PROJECTED PERFORMANCE

Critical to the determination of M151 lifetimes was the projection of M151
rerformance iuto ages considerably beyond the greatest age at which any ve-
hicles were observed during the course of the study.

Two sets of projections were made. One was based on the assumption
that replacement parts would have the same life as that indicated by the data
for the parts in the vehicle at time of issue. This set of projections was
termed “like-original.” Asecond setof “degraded” projections was also made
beciiuse (a) it has long been Army practice to repair parts that have consider-
able residual value. (b) there is evidence®+*<** that such repaired and rebuilt
parts do not perform as well as the original parts. and (c) there are also
indications’ including findings in Chap. 3 of this memorandum that even unused
or “new” replacement parts do not perform as well as original parts. The
conclusions of the study are based on the degraded projections and so they are
presented in this chapter. An e¢xception is the breakdown rate, of which both
the like-original and the degraded projections are shown to indicate how much
they differ. For reference, the like-original projections of the other measures
of performance are presented in App A.

SR IS

L
&

The projections made in this study relied heavily ¢n the idea that the
vehicle-breakdown rate eventually achieves something close to an equilibrium,
i.e., that it eventually levels off at a constant rate, with a resultant leveling
off of vehicle reliability and availability.

A formal mathematical discussion of the concept of equilibrium as it
applies to failure of complex equipment is contained in “The Failure Law of
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(.omplex Equipmen ."* Appendix A contains a detailed discussion of the de-
termination of equilibrium for the M151 and the significance of this equilibrium
in the projection of vehicle-breakdown rates. The figures ond discussion in-
cluded in this chapter are based on this long-range analysis, but attention is
concentrated on the portion of vehicle life that is pertinent to the determination
of effective lifetime.

Projectinns of Vehicle-Bi eakdown Rate

Vehicle-breakdown rate is used here synonymously with the prime-maobility-
parts replacement rate, as discussed earlier in this chapter. Figure 35 shows
projections of replacement rates for the full list of prime mobility parts and
also for the hard-core parts alone. Figure 36 shows these same two projections
adjusted to reflect the expected degraded performance of replacement part:; as
shown in the shaded portion of the figure. The figure shows that the breakdown
rate increases steadily between 0 and 50,000 miles to a level approximately
gquadruple the rate at vehicle issue.

80 . . ' 80

o
o

60 Foll list

40

PER 1000 MILES
PER 1000 MILES
8

20

~nNY
(=4

Hard-core list

BREAKDOWNS PER 100 YEMHICLES
BREAKDOWNS PER 100 VEHICLES

0 : ! L )
0 20,000 £4.,000 60,000 80,000 0 20,000 40,000 60,000 80,000
MILES SINCE ISSUE MILES SINCE ISSUE

Fig. 36—Two Projections of Breokdown
Rote Comporing Like-Originol ond

Fig. 35—Projection of Breokdown Rote:
Replacement-Job Rote of Prime

Mobility Ports Degroued Performance
® Observed rate fu: all prime mability parts Degraded
x Observed rote far hard.care prime mobility parts Like ariginol

Mean Miles per Breakdown

The degraded projection of this performance measure is presented in
Fig. 37. In early life this measure declines rapidly. For new vehicles more
than 14,000 vehicle-miles are required on the average to generate one hard-
core part breakdown; approximately 7000 vehicle-miles on the average are re-
quired to generate one breakdown based on the full list of prime mobility parts.
For vehicles 20,000 miles old, these figures are more than halved. By 50,000
miles the descent has slowed considerably; at that point the projection lies
between 1800 and 3600 miles per breakdown.
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Fig. 37—Projected Meon Miles per Vehicle Breokdown

Availability Potential

Figure 38 shows the degraded projection of availability potential. The
breakdown rates were obtained from Fig. 36 and the downtimes per breakdown
from Table 14,

The availability potential declines from an initial value of about 0.99 to
about 0.96 at 50,000 miles.

Considering unavailability, the number of downed vehicles is 1 percent
when the fleet is new, about 2% to 3 percent at 20,000 miles. and 4 percent at
50.000 miles. As noted earlier, the availability potential bands are narrow
because the hard-core parts account for most of the downtime and because the
availability rate is generally high.

Reliability

The projected breakdown rates in Fig. 36 were used to determine the pro-
jections of the reliability shown in Fig. 39. The reliability changes are similar
to those in the other performance measures shown, deteriorating rapidly for
50,000 miles and then mere slowly. The reliability of new vehicles lies be-
tween 0.92 and 0.98. By 50,000 miles it has declined to between 0.75 and 0.87.
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These changes mean that cn average of 2 pereent of new vehicles will not
he able to complete a 500- mile march without a breakdown of one of the hard-

. core paris and 8 percent will experience a breakdown of one of the parts in the
full list. By 20,000 miles these figures have increased to 9 percent and 16 per-
cent and by 50.000 miles to 13 and 25 percent. These represent a doubling of
failure by 20.000 miles and a quadrupling by 50,000 miles.

Mission-Success Index

Projections of availability potential and reliability are combined to yield

= the projections of the mission-success index shown in Fig. 40. Changes in the
mission-succeess index are dominated by and closely resemble the changes in
reliability. The mission-success index declines 18 percent by 50.000 miles.

40 T —T T T T T
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, Te

VEHICLES UNABLE TO RENDER 500
MILES WITHOUT HREAKNDOWN

0 70,000 40,000 60,000 80,000 0 20,000 40,000 60,000 80,000
MILES SINCE ISSLIE MILES SINCE 1SSUE
. o. Besed on Full List of Prime Mobility Ports b. Bosed on Hord-Core Prime Mobility Ports

Fig. 41—Projection of Mission Foilure
Dropouts

:} Nonstorters

&
=
x

Figure 41 shows the percentage of vehicles unable to furnish 5000 miles
of movement either because they would be unable to start or because they could
start but would be unable to finish because of need to replace prime inobility
parts.

‘ The fuil-list performance shown in Fig. 41a is characterized by a non-

Bt ‘N-.i C Py s
B

starter rate of 1'4 percent for new vehicles and a dropout rate of 8 percent

for a total of 9% percent. The total has more than doubled by 20,000 miles and

nearly triples to 28 percent at 50,000 miles. Throughout the projection the non-

starters account for approximately one-sixth of those unable to complete the

mission.

. Figure 41b shows that the percentage of nonstarters and dropouts caused
by replacement of hard-core mobility parts begins at 4 percert, a percentage
that doubles by 10,000 miles, triples by 25,000 miles, and quadruples by 50,000
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miles. Of the total vehicles unable to complete a mission owing to hard-core
breakdowns. about one-fourth are vnavailable at the beginning of the mission
and three-fourths breuak down after a successful start.

CONCLUSIONS

Various measures of vehicle performiance at several mileage points are
summarized in Tables 16 and 17. Tabkle 16 shows that the rate of breakdown
of the full list of prime mobility parts more than doubles between 0 and 20,000
miles and quadruples by 50,000 miles. The mission-success index declines
from 0.926 at issue to 0.712 at 50,000 miles, a reduct’ . of 23 percent, These
measures mean that fur a fleet of 100 vehicles, breakdowns per 1000 miles in-
crease from 14 at issue to 60 at 56.000 miles, and that the total number of non-
finishers on 500-mile missions increases from 7 at issue to 29 at 50.000 miles.

TABLE 17

Degroded Projection of Performanze Deteriorotion with Age in
Number of Vehicles Atfected

Vehicles per hundred unable to successfully
provide o 500-mile movement
A Breokdowns
e, lac®

migles per 100 vehicles Nonstorters r Dropouts Totol nonfinishers®

Hord-core Full Hord-core | Full Hord-core Full Hord-core | Full

list list list list list list list list

0 6 14 0 1 2 7 4+ G

20.000 18 38 4 3 9 R 11 20

50.000 28 60 4 5 12 25 16 29

75.000 31 06 4 5 14 28 18 32

Per 1000 ariles of fleet movement.
"Use rate: 500 miles ‘month: mission: 500 mi'es,
“F.quals nonstarters + dropouts t I: discrepancies are due to rounding.

RAC-T-479 55

FOR OFFICIAL USE ONLY

i AP e A A R AL e e R ] it A I S ey

TS e AR ¢

-




Tt g

SiE

FOR OFFICIAL USE ONLY

Chapter §

M151 MAINTENANCE COSTS

INTRODUCTICON

Maintenance cost is the price of keeping equipment operable; it is incurred
when the support system corrects or prevents vehicle deficiencies. The mag-
nitude depends on inherent characteristicz ©f both the vehicle and the support
system. Thus the results of this chapter represent a synthesis of the results
of Chaps. 2 and 4.

A main purpose of this chapter 1s to present the effects of age on M151
maintenance costs and to project such costs to ages relevant to the determina-
tion of M151 effective lifetime. Both maintenance man-hours consumption and
dollar costs are discussed. As in Chap. 2, only unscheduled maintenauce
actions are treated.

OBSERVED COSTS

Method .

Maintenance costs as a function of M151 age were derived in terms of
man-hours, cost of man-hours, cost of parts replaced, and a summary cost in-
cluding cost of man-hours. parts, and SSI. Each of these costs was derived by
multiplying the appropriate cost per maintenance action presented in Chap. 2
by the maintenance event rates presented as a function of vehicle age in Chap.
4. Costs for organizational and direct-support echelons were obtained by
summing up for each echelon the costs of the three types of maintenance
actions (i.e., adjustment, repair, and replacement for each echelon). Costs of
prime mobility parts were derived by multiplying the replacement rate for
each item (presented in App B) by the price of the item and summing the costs
of the parts for each age interval. Separate costs of engines, transimissicns,
and tires were derived in the same way. .

Parts

The costs of parts replaced averaged #1.06 per 100 vehicle-miles of opera-
tion in the first 13,000 miles of vehicle life. Parts replacea were costed at
list price’’='" except DX items, which were costed at 30 percent of list price.

56 RAC-T-479

FOR OFFICIAL USE ONLY

R A AR A S

i

1

£

¢
it

AN e i e it e




FOR OFFIC!AL USE ONLY

Transmissions, tires, and engines accounted for 28 percent of the total parts
costs.  Table 18 shows average parts costs for the first 19,000 miles.

TABLE 18

Average Cost of Ports Replaced for the First
19,000 Miles of M151 Life®

Cost, dollors

Port per 100 miles Percent of totol
Fngine 007 T
Transimission 0.18 17
Til’l':i .04 i
Other 077 T

Total 1.06 100

DN items costed at 30 percent of list price.

As shown in Fig. 42. the cost of parts increased with age; the cost of ¥1.54
per 100 miles in the age interval 15,000 to 20.000 miles is 2'% times that of
$0.59 per 100 miles during the first 5000 miles of life. This figure also shows
that the cost of the individual parts aiso increased as the vehicle aged, ancther
evidence of their increasing failure frequencies during early vehicle aging.

Cost of parts replaced are shown by echelon in Fig. 43. Over the first
19,000 miles parts installed at third echelon accounted for 33 percent of the
cost of all parts replaced. For the first 15,000 miles this propertion was
constant at about 30 percent but increased to 40 percent in the 15,000- to
20.000-mile interval.

2
& &
o o .
w w2
5 % 5 = {:
E e
o (=] &
a o ;
0
0 5,000 10,000 15,000 20,000 0 5,000 10,000 15,000 20,000
MILES 3INCE 1SSUE MILES SINCE ISSUE
Fig. 42—Cost of Parts Reploced as Fig. 43—Cost of Ports Reploced, by Echelon,
o Function of Yehicle Age os o Function of Vehicle Age
DX items costed or 30% of list price, DX items costed ot 30% of list price.
Engine DN\\] Tires 3d echelon {direct support)
B3 Tronsmission Other 2d echelou {orgonizotionol)
Labor

Man-Hours. Over the first 19,000 miles of M151 life direct-maintenance
man-hours for unscheduled adjustments, repairs, and replacements were con-
sumed at the rate of 0.23 man-hours/100 vehicle-miles—0.17 of them at second
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echelor wnd 0.08 at third echelon (see Fig. 44a). Thus, an aveiage of 1 second-
echelon man-hour was being consumed every 588 miles, 1 third-echelon man-
houi every 1670 miles. Man-hour censumption changed as the vehicle aged,
increasing steadilyfrom 0.16 man-hours per 100 mi.es inthefirst 5000 miles of

life to 0.31. about double its early value—in the 15.000- to 20,000-mile age
interval.

0.4 N
&
';‘I e § 3 Mean \ )
8 — — — — —R
[
w02 =
&
2
(=]
I i
z 0.1
<
b3
3

5,600 10,600 15000 20000 O 5000 10,000 15000 20,000
MILES SINCE 1SSUE MILES SINCE ISSUE

o. Direct vaintenance b. Direct and Supervisory Maintenonce

Fig. 44—Lobor Consumed os a Function of Vehicle Age
XX 3d echelan (direct suppart) 2d echelon (arganizatianel)

e

Figure 44b shows maintenance man-hour consumption when the values
plotted in Fig. 44a are inflated by 15 percent to account for supervisory mainte-
nance man-hours (see Chap. 2). Duringthe first 19,000 miles of M151 life direct-
and supervisory-maintenance man-hours{or unscheduledadjustments, repairs, B
and replacements were consumed at the mean rate of 0.26 man-hours per 100
vehicle-miles—0.20 of them at second echelon and 0.07 at third. An average
of 1 second-echelon man-hour was heing consumed every 500 miles and 1 third-
echeion man-hour every 1430 miles. Man-hour consumption changed as the
vehicle aged, increasing steadilv from 0.18 man-hours per 100 miles in the first
5000 miles of life to 0.36—double its early value—in the 15,000~ to 20,000-mile
age interval.
The hours were distributed between second and third echelons in the
approximate ratio of 3 to 1. The ratio was constant at about 3% to 1 in the s
first 15.000 miles, then dipped to 2 to 1 in the last 5000 miles observed. .
Costs. Costs of direct and supervisory labor are shown in Fig. 45. They f
double from £0.36 per 100 miles in the first 5000 miles of life to $0.72 per 100 f
miles between 15.000 and 20,000 miles. Their mean for the first 19,000 miles = §
was 20.51 per 100 milcs, of which #0.37 (73 percent) was second-echelon iabor, §

_ﬂ] Maintenance Costs

The costs of unscheduled maintenance performed during the first 19,000
miles of M151 life are shown in Fig. 46 in four categories: prime mobility

(W) ]
[ebo]
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COST, DOLLARS
PER 100 MILES
I
1

o

0 5,000 10,000 15,000 20,000
MILES SINCE ISSUE

- Fig. 45—Cost of Direct- ond Supervisory-Mointenance
Labor as o Function of Vehicle Age J

3d echelon (direct support)
2d echelan {organizatianal)
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COST, DOLLARS PER 100 MILES
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Fig. 46—Jbserved Costs of Unscheduled

. Mointennnce as o Function of Vehicle Age

ssl

Directional supervisory labar

. EA\\\] Parts (DX items ot 30 percent of
list price)
{2774 Prime mobility parts (DX items ot 30

percent of list price)
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TABLE 1§

Meon Cost of Ports, Labor, ond SS| Observed
over the First 20,000 Miles of M151 Life

Mean cost, dollars

. i
i i , »51@;,«; T KB

Category per 100 miles Percent of total
Peime mubility parts® 0.58 it
All pans® 1.06 i
Direct and supervisory labor 0.51 13
St 2.51 61
7 Tatal +.08 100
& DX items costed at 30 perrrr.t‘nf list price.
£
i 2
i

COST, DOLLARS PER 100 MILES

0 L ] !
0 20,000 40,000 60,000 80,000
MILES SINCE ISSUE

Fig. 47—Projected Mointenonce Costs

® Observed costs
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parts, other parts. labor (direct ani supervisory), and SSI. Table 19 shows

for each category the mean over the first 20,000 miles of M151 life and the
percentage of the total represented by each category. Parts and labor accounted
for 39 percent of the total costs; the remainder was 8SI. The total cost changed
from about $£2.40 per 100 tailes in the first 5000 miles of life to $6.25 in the
15,000- to 20,000-mile pe1iod, an increase of more than 153 percent.

PROJECTED COSTS

Method

Maintenance costs were projected by a methnd similar to that used in pro-
jecting vehicle-breakdown rate. Fundamental to the projection was the idea
that a maintenance cost equilibrium would eventually be obtained. The details
of the estimation of equilibrium and projections are contained in App A.

Costs

Figure 47 shows the projected maintenance costs for the M151 through
80.000 miles assuming degraded performance of replacement parts. By 60,000
miles it is predicted that maintenance costs will reach £8.27 per 100 miles,
almost five times the corresponding cost at issue of $1.68 per 190 miles.

AR
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Chapter 6

M151 LIFETIME

INTRODUCTION

The earlier chapters of this paper have shown that as M151's age their
performance deteriorates and their maintenance costs increase. The purpose
of this chapter is to develop an effective lifetime for the M151 based on these
factors and the concurrent influence of obsolescence.

The lifetime technique employed was that used in previous ORO/RAC
studies;® " it is described in the next section of this chapter in general terms.
The last secuon of the chapter contains a discussion of the effective lifetime
obtained for the M151. More technical lifetime discussion is presented in App C.

METHOD .3
The lifetime technique used in this study is based on four principal vehicle 4

characteristics: acquisition cost, maintenance cost as it varies ith age, ve- E

hicle performance as it varies with age, and technological obsolescew~e. Costs g

are amortized evenly over the portion of vehicle life remaining at the tin.2 they
are incurred. The performance measure used is the mission-success index
discussed in Chap. 4. Obsolescence is assumed tc occur continuously at the
rate of 2 percent/year compounded, which is the rate used in an earlier study®
of wheeled vehicles. The combination of mission-success index and technolog-
ical competitiveness (the obverse of obsolescence) is called effectiveness.

The portions of acquisition and maintenance costs amortized in a given
interval are charged to the vehicle effectiveness attained during that same age
interval. The effective lifetime is the vehicle age at which the average cost .
per effectiveness unit since vehicle issue is minimized. This technique is
stated in mathematical terms in App C.

RESULTS

Computed Lifetimes

Based on the measured performance of only the hard-core parts and com-
ponents, the effective lifetime of the M151 was determined to be 46,500 miles;
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if the performance ot the full-list parts and assemblies is considered, the life-
time decreases to 37,600 miles. At a use rate of 550 miles/month these mile-
ages correspond to 7 and 5'% years, respectively. These results are summar-
ized in Table 20.

TABLE 20
Computed M151 Lifetimes ot o Usoge Rate of 550 Miles/Month
Lifetime
Performance measure basis
Miles Yeoars
lHard-core parts 0.500 i
Full list ef prime mobility parts 45000 5

Discussion

Sensitivity. The lifetimes derived are the minimum points on the cost-
effectiveness curves shown in Fig. 48. Both curves are relatively flat on both
sides of these lifetime points. On the full-list curve the variation in cost-
effectiveness from the 37,600-mile lifetime is less than 5 percent in the 28.000-
{n 45,000-mile range. For the hard-core curve the range of mileage repre-
senting less than 5 percent deviation extends from 32.000 to 64,000 miles.

. soc 1 I I 0.60 T T T
& 4
it ES
> -3
5 400t . wo0.40} =
wo "
i Full list ¢
. - K
l-v-’ .
g 200 |- R 2 0.20f = :
Z 3 | e e e e &
5 0 | HaLtJ-Lccre hs'l 8 0 Asymptote .:af $0.09 per mile : :
0 20,000 40,000 60,000 80,000 7] 20,000 40,000 60,000 80,000 g
RETENTION PERIOD, MILES RETENTION PERIOD, MILES .
Fig. 48—Cost-Effectiveness Reteniion Curves Fig. 49—Averoge Cost per Mile of M151's :fg-
A Lifetimes: full list, 37,600 miles; Considering Acquismon.Cosf (82900) i?xr
hard-care list, 46,500 miles. and Unscheduled Mointenonce ¥
Costs (Degroded) i
® Full-list lifetime A Hord-core lifetime ‘3
Lecause of the degradation of vehicle performance at higher mileage, it
is useful to look at costs and performance separately.
Costs. In Fig. 49 the mean cost per mile of M151 liie is shown for various
replacement ages. This curve is obtained by dividing the sum of the acquisition
cost and the accumulated maintenance costs (derived from the degruaded pro-
jection discussed in Chap. 5) by the accumulated miles of life. It differs from
the cost-effectiveness retention curves of Fig. 48 in that it does not take account
RAC-T-479 ) 63 o+
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of performance or obsolescence. Figure 49 shows that on the basis of cost
alone it is aiways less expensive to continue operating M151’s than it is to re-
place them.

However, it is also evident from the slope of the curve in Fig. 49 that the
major part of the total cost has already been recovered by the time a vehicle
reaches the 37,000- to 47,000-mile age range. Of the total per-mile saving
available in extending M151 life beyond 5000 miles, 94 percent has been realized
by 50,000 miles (an average of about 2 percent saved per 1000-mile extension).
To realize the next 2 percent requires an extension of 30,000 miles.

In the lifetime calculation the cost of a vehicle is assumed tv remain con-
stant. App C investigates the effect on mean cost per mile when iae original
vehicle has current M151 costs but successively purchased vehicles have dif-
ferent acquisition and maintenance costs.

TASBLE 21

Cost of Vorious Replacement Cycles

Average cost of Fercent Annuol
Retention Average cost of ocquisition and of 25,000-mile fleet soving
period, maintenance, mointenance,  cost of acquisition Annuol fleet aver previous
miles dollars/mile dallors/mile and mointenonce cast,? dallors cycle, dollars
25,000 0.058 0.161 100 32,200,000 -
35.000 0.064 0.136 81 27,200,000 5.000,000
50,060 0.069 0.119 T4 23.800,000 3,400,000
75,000 0.077 0.110 68 22.000.000 1.800,000

430,000 vehicles for 200 million miles year.

Table 21 presents a comparison of fleet costs for four representative
vehicie-replacement cycles. The savirgs which result from choosing a 50,000-
mile li{> instead of a 35,000-mile life are $3,400,000 per year—about 13 per-
cent of the total annual acquisition and maintenance costs. To save another
$1,800.000 per year would require retaining vehicles until 75,000 miles.

Performance and obsolescence. The change in mission-success index
from 0 to 80,000 miles is presented in Fig. 50. The trend is of course downward
as the vehicles age. At 37,600 miles (the lifetime based on the full list of prime
mobility parts) the full-list mission-success index is 0.75; the hard-core mis-
sion success-index is 0.86. At 46,500 miles (the lifetime based on the hard-
core parts) the full-list mission-success index is 0.73; the hard-core index is
0.85. Performance levels at the 47,000- mile life are 2 to 3 percent lower than
at the 37,000-mile life.

Figure 51 shows decay in vehicle competitiveness resulting from a 2 per-
cent/year obsolescence rate. Table 22 shows lifetimes, which incorporate the
2 percent obsolescence rate compared with those derived when no obsolescence
is considered. The introduction of a 2 percent/year rate of obsolescence re-
duces lifetimes by 10 percent in the full-list case and 14 percent in the hard-
core case. The reduction is larger for the hard-core case because the life-
times themselves are longer and hence the obsc.lesceuce has become greater.
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£ 1.0 T T T 1.0 T T T
i Hord i Full st
JLg-care. M Hord-care list
' 0.8 0.81 Full list 1
. x Hord-core list i
'y : Full i z
"3 - 0.6} EEpe - 2 0.6l s
m w
: z
Q 5 0.4 B =04 -
g g
z S
:E;-‘ 0.2} - 0.2f 1
. YEARS SINCE ISSUE
2 4 6 8 10
0 L 1 1 0 11 ) J 1t 1
0 20,000 40,000 60,000 80,000 0 20,000 40,000 60,000 80,000
MILES SINCE ISSUE MILES SINCE ISSUE,
s SSO MILES. MONTH
: Fig. 50—Degroded Mission-Success Index
] T Fig. 51—Relotive Declins of M151 Technologicol
-1 uil-lish ltelme Competitiveness When Obsolescence Rote
4 Hord-core lifetime Is 2 Percent/Yeor Compounded
. TABLE 22

M151 Lifetimes for Obsolescence Rotes of 0 ond 2 Percent/Year Compored

; Lifetime b
4 = . Reduction g
'w- Perfarmonce Milss Yeors in lifetime
N Ll L Obsolescence rate, % avingto -

i obsolescence, %

; 0 2 0 2

¥

} Hard-core parts 54,200 16.500 8.2 7.0 14

: Full list of prime

mobilitv parts 42,000 37.600 6.1 5.5 10

In Table 23 both mission success and technological competitiveness are

shown for four representative retention periods. Not only are the values at

the end of the period shown in Figs. 50 and 5i, but averages for each period

are also shown. By comparing the change shown in the percentage columns

with that shown similarly for costs in Table 21, the meaning of lifetimes chosen

= between 35.000 and 50,000 miles becomes clearer. For example, a life of
50,000 miles costs 25 percent less per mile than a life of 25,000 miles, while
the average hard-core mission-success index is 3 percent lower.
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Since the '4-ton truck role is not one of combat offense or defense, the
outcome of military actions will probably not directly depend on the modernity
of the '/4-ton trucks in the vehicle fleet. For this reason the primary cause of
'4-ton truck deterioration will be utilization rather than obsolescence, and the
most effective restorative act will be the substitution of a new vehicle, which
is not necessarily of a new model.

Summary. Although the cost-effectiveness ratios are relatively constant
over a range within 10,000 to 15,000 miles on either side of the calculated
effective lifetimes, earlier vehicle ages were found to represent improved
levels of performance and technological competitiveness. Table 24 summarizes
quantitatively a comparison of the 37.000- and 47.000-mile lifetimes.

TABLE 24
Comporison of 37,000-Mile Life with 47,000-Mile Life

Life
Characteristic Change .
37,000 miles | 47,000 miles | o™ 37,0010 47,000, %
Mean cost per mile 125 11.5 8
of acquisition and
maintenance, dotlars
per mile
Mission-success index, 0.86 0.85 1
hard core
50C-mite march, non- 11 15 i
starters and dropouts
per 100 vehicles
Technological 0.49 0.85 -4

competiliveness

If obsolescence is ignored in the analysis, the 37,000-mile full-list life-
time increases to 42,000 miles and the 47,000-mile hard-core lifetime is ex-
tended to 54,000 miles, increases of 11 and 16 percent respectively.

Recommended Lifetime

On the basis of these considerations, this study recommends an M151 life-
time of 50,000 miles. In Table 25 this mleage is translated into iifetime years
for four different rates of utilization.

This is a “liberal™ lifetime: it is based on the performance of only the
hard-core parts although failure of other parts may disable a vehicle; the in-
fluence of obsolescence on effectiveness is partially discounted; and the per-
formance of replaced engines and transmissions was assumed to be consider-
ably better than the performance actually indicated in replacement assembly
failure data. For these reasons shorter lifetimes and earlier vehicle replace-
ment should be considered for units in which the quality of M151 performance
is important to successful combat-mission accomplishment.
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Two suggested guidelines governing replacement are the following:

(a) Early-life replacement is significantly more costly than replacement
at the 50.000-mile effective life. The performance gains to be realized from
such early replacemert should therefore be carefully weighed against the need
for them and the costs they will entail.

(b) Replacement later than 60,000 miles reduces the average perform-
ance level of the fleet and furnishes orly a slight cost advantage. As a general
rule lifetimes should therefore not be extended beyond 60,000 miles.

TABLE 25

Recommended M151 Lifetime
for Vorious Use Rotes

Use rute, Lifetime,
miles per month years
100 14
550 it
750 5%
1000 4

OVERHAUL

Primarily as a result of the findings of ORO-T-381,2" overhaul of %-ton
trucks is not currently an Army practice.

In that study of M38-series 4-ton trucks, overhaul was found to cost an
average of approximately $1850 per vehicle. Direct parts and labor accounted
for about half this amount, overhead and transportation for the other half. If
M151 overhaul should cost approximately the same amount, the least-cost-
lifetime analysis contained in App C shows that overhaul of M151’s is not eco-
nomical. According to this analysis, it is unlikely ' at the M151 model will
dominate the 4,-ton truck inventory long enough t . ze this $1850 rebuild
cost economical. It is important to note that the .nalysis is based on the as-
sumption that reissued overhauied vehicles will experience maintenance costs
that are no greater than those of a new vehicle. Since ORO-T-381%' and ORO-
T-401° both show21 that maintenance costs of overhauled vehicles are higher
than those of newly issued vehiclcs and that tt-eir performance is worse, the
case against M151 overhaul becomes even stronger. Only a significant im-
provement in the overhauled product and/or reduction in overhaul costs could
modify this conclusion.

PROCUREMENT AND PREMATURE LOSSES

The lifetime may be simply used to determine annual procurement quanti-
ties if it is desired to maintain a fleet of constant size with a constant annual
procurement of new vehicles. Thus a lifetime of 7'4 years implies a complete
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fleet turnover every 7' years, which in turn implies an annual procurement of

13.3 percent (100 + 7'4) of the fleet.
However, in reality some vehicles 2re lost (usually owing to accidents)

before their natural lifetime expires. The annual procurement must provide
replacements for these vehicles as well. Thus if the premature loss rate is
15.6 percent/year (that currently attributed to '4-ton trucks®) and the iifetime
is 74 years. the constant annual procurement required to maintain a fleet of
constant size should be 22.2 percent of the {leet size as compared with 13.3
percent it the premature-loss rate is zero.

To permit inclusion of the premature-loss rate in estimating the constant
annual procurement required to maintain a constant fleet size for vehicles of a
given lifetime, Fig. 52 is presented for lifetimes from 4 to 14 vears and for
washout rates 0, 5. 10, 15, and 20 percent/year. To read the figure, find the
lifetime on the vertical axis (e.g.. 7'% years),and extend a horizontal line to
the curve of the appropriate loss rate {e.g., 15.6 percent/year); trom this point
drop a vertical line to the horizontal axis and read the annual procurement ex-
pressed as a percent of the fleet size (which would be 22.2 percent in the ex-
ample used). The derivation of Fig. 52 is describcd in App A.

16 i T T

05 10,15 20

Premature foss
rate (percent |
per year)

COMPUTED LIFETIME, YEARS
[}

1
|
|
|

0 1 1
0 10 20 30 40

ANNUAL PROCUREMENT, PERCENT
OF FLEET PER YEAR

Fig. 52—Annuol Procuremant Required To
Reploce Vehicles Whose Ages Will
Become Equal to the Computed
Lifetime ond/or Lost before
the Computed Lifetime

Of course the general question of how much to procure when it is desired
to increase or reduce the fleet size, or when past procurements have not been
approximately equal so that vehicles tend to be grouped around certain ages
leaving relatively few at other ages, is more complex than the simple condi-
tions treated above. Nevertheless the foregoing analysis and graph can be of
use for even these more complex anaiyses as a source of first indications,

reference points, and goals.
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INTRODUCTION

In this appendix calculations and findings treated only summarily in the
body of the report receive fuller, more technical description.

SAMPLE SIZE

Total Sample

The sample shown in Table 3 is considered satisfactory to about 19,000
miles, where it drops below 100 vehicles. Up to that mileage the probability
that at least one prime-imobility replacement job (the measure of vehicle
breakdown used—see Chap. 4) will occur per 1000 miles is greater than the
minimum probability cbservable with 80 percent confidence of an error 5 per-
cent or smaller as shown in Table Al. In the first mileage increment (1000 to
2000 miles) at least 200 vehicles were observed, in the second increment (2000
to 13,000 miles) at least 300, etc.

TABLE Al

Minimum Probabilities Observnble and Observed that at Least One Prime-Mobility-Part
Replacement Job Will Occur in 1000 M151 Miles

(With 80 percent confidence thot the error > 5 percent)

MI151 Probahilities
Sample size Age increment, Minimum abservatle Observed
accumulated miles per 1000 miles per 1000 miles

200 1,000~ 2,000 0.11 0.16
300 2,000-13,000 (.10 0.20
200 13,000-15.000 0.14 0.27

100 15.,000-19.000 0.25 0.29

75 19.009-20.000 0.30 .31

50 20.000-21.000 0.10 0.31

25 21.000--23,000 0.60 0.32

Although the sample does not strictly meet the conditions under which a
confidence limit of the kind stated can be derived, i.e.. that each 1000-mile in-
terval of a vehicle’s life is independent of all the others of its life, the table is
believed to give an indication that the sample size is reasonable for the mile-
ages covered,

The fact that the sample size is essentially zero beyond 25,000 miles is
viewed as representing a somewhat short look into M151 aging. This view
derives from the relation between part-replacement distributions and mean

Jives and vehicle performance as it varies with vehicle age (discussed in Chaps.

3 and 4), the observed failure rates of major M151 components which indicate
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m.an lives of 30,000 to 80,000 miles, and the observation in a number of stud-
1es' 77 that replacement parts—new as well as repaired—do not perform as
well as the original ones. Thus, althoush to get a measure of vehicle perform-
ance with a solid empirical base for venicles older than say 75,000 miles,and
especially in the steady state, it would have been good to have seen most origi-
nal parts fail and a good number of seconds and thirds as well, no more than
30 percent of the originals and almost none of the replacements of any prime
mobility part were seen replaced by 19,000 miles. It appears in greater detail
in Chaps. 3 and 4,where projections beyond the data are made,that the look to
19,000 miles is a somewhat foreshortened view of M151 aging. The main effect
is probably that the performance of replacement assemblies is unknown, and
only to a considerably lesser degree is there uncertainty in the prokable re-
placement times of the original parts still intact at 20,000 miles.

However, the sample is viewed as a reasonable base from which to project
performance at the present time. USAREUR was one of the first to receive
M151's and only after they are operated for several more years will there
exist data of the kind suggested to be desirable. Fleet managers must make
replacement decisions before the fleet actually arrives at an unacceptable state.

Sample Used in Analysis of Man-Hour Consumption

In Chap. 2 the analysis of man-hours consumad by maintenance actions is
based on a limited sample because many records did not show the man-hours
expended.

The extent to which the subsample of actions for which man-hours were re-
corded {Table 5)was a biased sample of the total sample (Tabie ')and is thought
to be small and to vary with the type of action and the echelon., Some indica-
tions may be described.

For second-echelon actions, a known large source of actions without man-
hours recorded resulted from the practice of recording for a schceduled semi-
annual maintenance check the total number of man-hours expended in the check
and not the number expended on each of the single actions performed. All ex-
cept 5 percent of second-echelon adjustments and repairs can be accounted for
by the mutually exclusive categories “occurred during scheduled semiannual
maintenance checks” and “had man-hours recorded.” The extent to which
second-echelon adjustments and repairs made during scheduled maintenance
tend to be a group different from such actions not made during scheduled semi-
annual maintenance is not known. For replacement actions taken at second
echelon, 48 percent may be accounted as having “occurred during scheduled
semiannual maintenance” or “had man-hours recorded.” Some of the remain-
ing blank man-hour fields are the result of recording total man-hours for
maintenunce incidents in which more than one maintenance action was taken.
But another significant part of the blank man-hour fields in second-echelon re-
placement records must be attributed to simple omission.

Essentially all third-echelon blank man-hour data can be atiributed to the
occasional practice of recording man-hours expended for groups of actionc in-
stead of the individual actions. Omissions of man-hour records at third echelon
were rare.

In summary, known data inadequacies leave possible room for bias and
distortion in the distributions of maintenance-action man-hour consumption
shown in Fig. 6. Nevertheless the distributions are regarded as giving good
indications of the magnitude and range of man-hour consumption. Man-hour
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data for second-echelon adjustments and repairs are regarded as most accu-
rately represented. Second-echelon part replacements and third-echelon ad-
justments are regarded as least well represented—the former because of the
tendency of replacement actions to occur in numbers greater than one and the
tendency of such groups of actions to be reported as a total man-hour figure,
and the latter because the sample is small. The sample of third-echelon re-
pairs is also regarded as small. Third-echelon parts replacements are re-
garded as well represented.

REQUISITION FILL TIMES

The curve representing the fill rate of M151 requisitions shown in Fig. 11
was not directly observed but was derived as follows.

Requisitions made for M60 tanks, M113 APCs, and M88 recovery vehicles
as well as M151 Y;-ton trucks were analyzed together and separately. The
separate analysis treated only those requisitions filled during the period of
chservation. The combined analysis treated both those that were filled and all
requisitions observed (filled or not).

100 1 T T

Filled
80 |- requisitions =l
60 All

requisitions

CUMULATIVE PERCENT FILLED

40 - =
£
£
0| . i
0 | — | 1
0 25 50 75 100

DAYS TO FILL
Fig. A1—Fill Rates for o Somple of Requisitions
Mode on M6D Tanks, M113 APCs, ond
M151 Y-ton Trucks in
USAREUR in 1963

4 Meon time to fill fil'ed requisitions
® Meon time to fill all requisitions

In the analysis of only those requisitions that were filled, it was found
that the {ill rate for one type of vehicle differed little from that of the others
or of the vehicles combined. In particular the fill rate of filled requisitions
for the M151 was found to be essentially identical to that for th? vehicles com-
bined. This curve is the upper of the two shown in Fig. Al. The fill rate of
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all requisitions for the vehicles combined is shown as the lower curve in Fig.
Al.

Because the fill rates of filled requisitions for no vehicle were observed to

deviate much from that of the combined rates and because the M151 in particu-
lar was observed not to deviate at all, the fill rate for all M151 requisitions
was taken to be the same as that observed for the vehicles combined. Thus
the curve of Fig. 11 is identical to the lower curve of Fig. Al.

The upper and lower curves are well represented by e "3 and ¢ 0.570t
(where t is in units of 25 days) so that their respective mean fill times are 34
and 44 days.

MEASURES OF PERFORMANCE

Breakdown Rate

The breakdown rate per 1000 miles h was defined to be the sum of the
replacement rates of the appropriate set (full list or hard-core list) of prime
mobility parts.

Mean Miles per Breakdown

The mean miles per breakdown was defined as 1000 times the re¢ciprocal
of the breakdown rate, or 1000/h.

Availability Potential

Availability potential B8 is defired by

_ 1
1+ hAu

3

where h - the breakdown rate per 1000 miles

2 - the mean downtime (in months) per breakdown

u = the mean use rate in thousands of miles per month

The availability potential is the steady-state probability that a vehicle

will not be down if it goes down at the constant rate h and is restored in the
constant mean time A when the use rate is constant at u. Thus availability po-
tential is the availability that would eventually obtain under conditions of con-
stant h, A, and u. For the M151, of course, h is slowly changing with age, and
as a result the actual availability at some age differs from the availability

potential at that age. But because h changes slowly, availability and availability

potential differ very littie. Indeed. stochastic fluctuations in h are likely to
lead to greater variability in availability than the difference between avail-
ability and availability potential due to h-growth with vehicle age.

Reliability

Reliability R for a 500-mile mission was defined by
R M2

where his the breakdown rate per 1000 miles. R is the probability that a ve-
hicle able te begin a mission can complete it without breakdown.
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Mission-Success Index

Mission-success index S was defined by
i
) BR Tuh:\]«_ .
where the symbols are as previously defined. Mission-success ‘ndex is the
probability that a vehicle is neither out of commission with a breakdown when
a 500-mile mission is demanded of it nor will suffer a breakdown while exe-
cuting the mission.

EQUILIBR'UM BREAKDOWN RATE

Equilibrium of M151 breakdown rate exerted an important influence in the
projections of performance and maintenance costs made in Chaps. 4 and 5.
Eventual equilibrium of M151 breakdown rate may be expected for a number of
reasons.

M151 breakdown rate was defined to be the replacement rate of a set cf
important parts. Thus, equilibrium breakdown rate represented a constant re-
placement rate. By replacement rate of the set of parts was meant the sum of
the individual replacement rates.

The replacement of a defective item by a workahle one has acquired the
name “renewal.,” and a sequence of such replacements in one functional position
is called a “renewal process.™® Thus the breakdown rate defined was a super-
position of 2] renewal processes. Three properties of renewal process—two
of individual processes and one of superposed processes—have major relevance
for equilibrium. One is that a renewal process allowed to continue indefinitely
eventually achieves equilibvium.”® The second is that if the replacement rate is
constant, equilibrium exists immediateiv.”” The third is that as the number of
superposed processes becomes increasingly large. the total replacement rate
tends increasingly toward (‘onstancy.'“'2

The equilibrium predicted for the M151 breask..own rate was attributed to
all three influences. First, it was assumed to exis: ijot immediately but only
after some time. Second, the rapidity with which it would attain equilibrium
was assumed enhanced by the number of individual renewal processes (i.e., 21)
being superposed. Third. the rapidity was considered further enhanced by the
constant replacement rates of many of the individual parts.

DERIVATION OF EQUILIBRIUM PERFORMANCE AND COSTS

Vehicle-failure rate had lLieen defined as the vombined failure rates of a
set of prime mobility parts (see Chap. 4). The equilibrium vehicle-failure rate
would be Z, —lt,where u, was the steady-state mean life of prime mcebility part i.
The approach indicated then was to estimate the mean life of each prime mo-
bility part.

Estimates of mean lives of prime mobility parts were made as follows.
Replacement rates as a function of vehicle age were computed for each prime
mobility part. These rates ave described, tabulated, and plotted in App B. The
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rates of first replacements were plotted on log-log paper on which they usually
2 lay linearly. They were assumed representable by Weibull distributions,* the
cumulative form of which is

F(x) 1o o
The mean of a Weibull distribution i

ooy Bragpge .

(XY

Curaulative fractions of replacement, which should have occurred by the mean,
were computed by

= v

F(Ix) 1 ¢ LY “‘”.

Since (u) is a functicn of only B and B was represented by the slope of the log-
log graph, a table of F(u) for various Bwas formed. Means were then deter-
mined graphically by extrapolating the linear graph of each part to the cumula-
tive fraction replaced F(u) appropriate for its slope Sand reading off the
corresponding age. For ali but six of the prime mobility parts it is believed
that the mean lives indicated by the data were determined to within + 7 percent
by this technique. For the six, widely different interpretations of the data were
i possible because it was somewhat scattered as it lay on log-log paper. The

i study merely made what seemed reasonable interpretations.

The mean lives estimated and the numbers of observed replacements on
which they were buscd are shown in Table A2. Aleo shown in Table A2 are the
price per item, the estimated equilibrium replaceient job rate, and the re-

{ sultant equilibrium parts cost incurred per mile.

i The column labeled “P” contains ratios (n x j)/g where n is the quantity

of the item in an M151, | .s the number of replacement jobs observed, and qis
the number of items observed replaced. P is the ratio of the number of parts
that would have been replaced if an entire set of items were replaced with each
replacement job to the number of items that actually were replaced. Jobs were
regarded as the relevant action for reliability considerations and quantity re-

. placed the relevant parameter for supply and parts costs considerations.

i The eauilibrium replacement iob rate for a part was derived according

' to the expression

h, Pl g

where h_ is the equilibrium replacement job rate and pis the mean life of the
item. The equilibrium costs were derived by

o ne, ’.I‘ .
where ¢, is the equilibrium cost, n is the number of items in an M151, and ¢, i
is the cost of cne item as shown in Table A2.
The estimates of mean lives and equilibriums contained in Table A2 are
laheled “like-original " because they are basedon the behavior of the parts origi-
nal with the vehicles: in deriving the equilibriums the assumption was made
that parts in the vehicles subsequent to the original parts would have mean
lives the same as the originals.
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TABLE A3
Degroded Equilibrium Replacement Job Rote; and Costs of Prime Mability Parts

Like-originol  Adjusted Equilibrium
mean life, meon life, Parcent replocement Equilibrium
thousonds  thousonds of Rationale of jobs parts cast,
System ond port of miles of miles like new odjustment per mile  dollars per mile
Power and propulsion
Cluch 45 33 100 a Mo 100 04291073
(Huteh bearing
alone 17 17 100 a 58.8. 106 0291103
Differential 75 0 15 b 14.3.10% 11~ 107
Fngine sl 36 70 ¢ 8. 10¢ 2567100
Prnp abaft
Front 60 on 100 d 334> 106 9.311+ 1073
Near A0 50 100 d 36.20% 10° 0484 1077
Iransmission A2 ) 100 d 2100 3082 1073
Flectrical
Batters a0 60 100 d 2006~ 10%  0.332x 1073
Belt, generator o0 §2 0 b 33.0- 10®  0.005. 107
Conl 80 80 100 d 125 10%  0.066~ 107
Distributor a2 32 100 d 3124 10% 0939+ 107
Generator 31 a4 100 a 294.100 2465107
Generator regulator 17 A0 106 d 270.10° .888 x 1073
Spark plug 24 5 60 93.1.10%  0.133 1077
Starter 100 80 80 ¢ 125109 0.070 1073
Fuel
Carbnretor 15 35 100 a 286~ 10¢ 0572 1079
Fuel pump 1" 1" 100 d 27.10%  0613x 1077
Cooling
Radiator " a3 100 @ 30.3x 109 0759103
Water pump 1000 80 8 b 125 10°  0.161» 1077

Suspension
“rtlk ¢ Mmaster

ovlinder 60 60 100 d 167 100 0.084x 1077
Suspension arm 0 63 Qi ¢ 318~ 10© 6.397 » 103
“Tire 15 21 60 ¢ 95.4x 106 2330x 1079
Wheel bearing 2 25 100 a 50.6 % 108 0,163 x 1073

Total - - - — T2 107 18379« 10

Ieemed unnsually bad ot the heginning: when improved, age deteriorated: seems likely to end up
vhere it was,

l".‘-.'.lr ripected to sct i,

“pticipated rebuitd gualit .

*his quality and that of its environment seem unlikely 1o deteriorate

“Favironmental deterioration expected.

The limited information that exists on this matter indicates that lives for
repaired parts and even new parts installed subsequent to failure of the origi-
nals are less than those of the original parts. A further consideraticn is that
the mean lives presented in Table A2 are based on only the first 19,000 miles
of vehicle life; parts that have large mean lives (e.g., over 50,000 miles) and
may show signs of wearout (increased failure frequency) as they approach
their mean lives may have shown only small, random failure frequencies in
the sample of life observed. For example, the differential and the water pump
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show failure frequencies in their first 19,000 miles of life indicative of mean
lives of 475.000 miles and 1.000.000 miles respective!ly. These are regarded

- as unrealistic estimates on the basis of common experience with mechanical
parts of such a natur. . The expectation is that these parts will eventually wear
out at ages considerably short of the lives listed in Table A2.

Tao account for these probable unreilities in Table A2, Table A3 was pre-
pared in which mean lives were adjusted us seemed appropriate. The equilib-
riums in Table A3 are prescented in the body of the study as “degraded”™ and
“realistic.™ They ave degraded in the sense that they are derived by desiading

. the Like-original cstimates.

The equilibiium total maintenance cost was derived by multiplving equilib-
rium parts costs derived tor prime mobility parts shown in Tables A2 and A3
by a number of factors. Each prime-mability-part cost was multiplied bv the

3 factor 2.27 or 1.37 depending on whether the part was usually replaced at second
or third echeloa (see Table 13 for identification of echelen at which each prime
mobility part was usually replaced) to account for its SSI and repair costs and
its residual value.

2.5 I— T T T
i x
o 20} 4
E x
"
: XX . Weow; 1458
ean, 1.
§ sk . x _ xx T b
e * . * o x x
x
1.0 1 | 1
o 5000 10,000 15,000 20,000

MILLES SINCE ISSUE

Fig. A2—Rotio of Costs: All Parts to
Prime Mobility Parts

Engines ond transmissicns at 30 porcent of list price.

Costs of other than prime mobility parts at equilibrium were derived by
assuming that the total parts costs at equilibrium were divided between prime
mobility and other parts in the same proportion as they were during the first
19,000 miles of life. This assumption was justified by the failure to detect any
tendency of the proportion to systematically depart from its mean as a function
of age. Figure A2 shows the ratio of the cost of all parts to the cost of prime
mobility parts replaced in the first 19,000 miles of vehicle life in the detail
sampie. The SSI and repair costs and residual value of these parts were ac-
counted for by assuming all the parts were replaced at second echelon and ap-
- plying the factor 2.27 to their estimated price.

Costs of labor at equilibrium were derived in a manner similar to that in
which costs of other than prime mobility parte were derived. Figure A3 shows
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the ratio of labor costs for replacement actions to the direct cost of parts re-
placed for the detail sample o1 M151°’s. The cost of labor for performing ad-
justments and repairs was observed 1o remain essentially constant with age at
approximately f1 per 1000 vehicle-miles and so was left out of consideration
in consonance with considering here only costs that evidence change with vehi-
cle age.

A summary of these computations and the resulting equilibrium total main-

tenance costs is contai' ed in Table A4.

0-8 T X T T
Qo x
fd x
< x X
% 0.6 | e « » Mear, 0.548
e s =

x k x
0.4 4 L L
0 5,000 10,000 5000 20,000

MILES SINCE ISSUE

Fig. A3—Rotio of Costs: Mointenonce Lobor Expended
on Repiocements to Parts Cost of
Prime Mobility Parts

Engines and transmissions at 30 percent of list price.

TABLE A4

Total Maintenance Costs
(100,000 miles}

Fraction of SSl, repair
direct prime . Direct cost, costs, and Total cost,
mobility-parts dollars per residual dollars per
ltem costs 1000 miles value factor 1000 miles

At Like-Original Equilibrium

-’b
N . 1.37 a
I’rime mobility parts 1.0 17.979 2,97 18.20
Other parts 0. 168 911 “alp 19.09
lLabor 0.518 9.85 NA 9.35
Total = - — 77.148
At Degraded Equilibrium b
. 1.37
Prime mobility parts 1.0 18.38" ‘ 9,97 l 53.382
Other parts 0.168 10.47 2 X% 23.77
Labor 0.518 12.26 NA 12.26
Total = — - 89.42%

ngines and transmissions al 36 percent of fist price.

Us +d as appropriate for each prime mobility part.

PROJECTIONS OF PERFORMANCE

The projection of vehicle-breakdown cate (replacement job rate of prime
mobility parts) consisted of determining at what age to expect the vquilibrium
to be reached and how the performance would proceed from the end of the data

to equilibrium.

82

FOR OFFICIAL USE ONLY

RAC-T-479

e o o e, Bollerecyn Mg R 0 R,

bR

i AR STy b k0

it D

o T8 e RS e S TR R e

B

f1 o P

o

o LRI D o, 20 il BT a0 et Pt BB sy

2 S e



FOR OFFICIAL USE OKLY

Equilibrium

Age of Occurrence. A number of reasons exist for expecting equilibrium
by 100.090 miles. In Chap. 3 individual equilibriums for engines and trans-
missions are attained by approximately their mean lives, i.e., by the time
only half their first repiacement cycle is finished. Although these assemblies
have relatively broad replacement distributions, essentially all prime mobility
parts have replacement distributions as broad and broader. Of course the
broader they are the more nearly constant they are and the sooner they attain
their equilibrium. Many exhibit constant replacement rates and are in equilib-
rium from the beginning. But at any rate nore should have to go beyond its
mean life to attain equilibrium. This, coupled with the fact that most of the
mean lives lie below 80,000 miles and in the degraded model all lie below
100.000 miles, seemed ample jusiification for assuming approxima.e equilib-
rium to obtain around 100,000 miles,

Manner of Approach. Equilibrium was assumed to be approached smoothly
and steadily frem the end of the data at 19.000 miles of vehicle life. This
assumption was based on the smooth approach of engines and transmissions
to their individual equilibriums observed in Chap. 3. the expected smoother
approiach by other individual assemblies with distributions broader than those
of engines and transmissions, the smooth approach »f the eombined engines
and transmissions observed in Chap. 3. and the smoothing eifects of the broad
distribution of prime-mobility-part lives shown in Fig. A4.

10

PARTS
wn
I

0 20,000 40,600 60,000 80,000 100,000 110,000
MEAN LIFE, MILES

Fig. Ad—Distribution of Like-Original Mean lL.ives
of Prime Mobility Parts

Curve Form. By inspection of the data and the equilibrium (e.g., as
plotced in Fig. A5) it was assumed curves of the form

Py Pl - MDY POe P

where P = the parameter to be projected
i the age parameter
P~} = the equilibrium value of P
P the initial value of P
p = a constant controlling the rate at which equilibrium
is approached
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could suitably fit tho data and connect them smoothly and asymptotically with
the equilibrium. By treating the equilibrium as an asymptote the questioa of
when equilibrium will occur is relegated to the data. the equilibrium level, and
the curve form. The fact that this answer was also about 100,000 miles was
regarded as evidence that the curve form chosen was appropriate.

" 0.8 T —r I —
4
F . Full list
g ol N
« N\
- NN \\
8 0.4 -
z AN
o Hard.core list
8 0.2 —
<
-
iv
o
0 1 1 1

0 50,000 100,0C0 150,000 200,000
MILES S5INCE ISSUE

Fig. AS—Projection of Replacement Job Rate of
Prime Mobility Parts

* Prime mobility puit replacement jobs per 1000 miles
4 Hard-core jobs per 1000 miles
x Estimated equilibrium

Projections of Vehicle-Breakdown Rate

Like Original. An estimate of the equilibrium breakdown rate was made
by estimating from the replacement experience the mean life of each of the
original parts and forming the sum of the reciprocals. The estimated equilib-
rium was 0.655 replacement jobs per 1000 miles of vehicle use for the full list,
and 0.310 for the hard-core list.

The data to be fitted were reduced to five points for each fit to be obtained
(one for each of the first four 5000-mile intervals of vehicle life and the equilib-
rium) as illustrated for the full list and hard-core list of mobility parts in
Table A5.

From a sketch of the curve the initial values P(0) were estimated. Given
P(0). a p for each data point could be computed from the assumed equation. I
the p seemed consistent the P (0) was assumed appropriate and a useful fit was
found. The equation parameters and the “fit” points curresponding to the data
points are shown in Tables A6 and A7. The curves fit the asymptotes identi-
cally; the full-iist curves fit the data at a \’ level of about 0.50; the hard-core
curves with a x° level of about 0.80. Thus all four curves fit well if a x’ level
of 0.95 or higher is taken as the rejection criterion. Figure A5 shows the re-
sulting curve and observed data points. This analysis treats the estimated
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TABLE A5

. Dato Points on Which Projections of
Vehicle Failure Rate Were Based

Failures per 1000 miles
Age interval, 1 units

of 5000 miles

Like ariginal Degraded

Full List of Mability Parts

1 0.183 0,181

’ 2 0,240 0.210

3 (0.295 (4,205

3 0.330 0,310

Flquilibriom 0.GR0 0.778

Hard-Care Prime Mability Parts

] 0.008 0.068

2 0,100 0,100

3 0.155 0.155

i 0.170 0.170

Fquitibrium 0.310 0.315

TABLE A6
. Equation Parameters and Derived Points Corresponding
l to Dota Points for Projected Vehicle-Failure Rate

.l Age intéeval, in units Derived rate, failures per 1000 miles
! i, 3000 mites Like original® De.-gradedb

| 1 0.182 0175

{ 2 0.212 0.239

3 0.291 0.298

1 0.311 0.350

10 0.653 0.771

Fquilibrium 0.635 0.778

- AP0 02 04137,
bp) 0100 0115
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equilibrium as an asymptote that was never quite actually attained but was es-
sentially attained at what seemed a reasonable time in life—about 100,000
miles—consistent with the expectation developed in the subsection, “Eqiilibrium.”

A number of himitations of the projection, which deserve careful con-
sideration during interpretation of it, are now noted. They are generally at-
tributable to the shortness of the sample in the age dimension.

TABLE A7

Equation Porometers ond Derived Points Corresponding
to Data Points for Prajecting Hard-Core Vehicle-
Breokdown Rote

Derived rate, breakdawns per 1000 mifes

Age interval, in units

of 5000 miles Like-original® Degradedb
1 0.071 0.073
2 0.111 0.110
3 0.143 0.142
1 0.169 0.170
10 0.310 0.344
Fquilibiium 0.410 0.345

POy 0.030,p 0171
bp)  0.030., 0147

‘a) At observed usage rates—about 7000 miles/year—the range of the
projection 1n time is about 29 years. However, no accounting for the effects
of time was made beyond those “built into” the accumulation of the 19,000
miles of data over a 2-year period. It seems quite possible that deleterious
effects resulting from exposure to the elements may set in sometime during
the rang of the projection, which had not yet set in during the period of life
observed.

{b) The mean lives of prime mobility parts on which the equilibrium
breakdown rate was based were derived from replacement data for the original
parts of the vehicle; thus they are the lives of new parts operating in a new
environment. However, it is expected that after a time many replacement parts
will not be new but will be repaired o1 rebuilt, and experiences of past studies® **%!
are that rebuilt assemblies do not have the same life as the original ones. Fur-
thermore the operating environment of the parts will generally be deteriorated
from what it was when the vehicle was new, further accelerating wear-out.

{¢) As shown in Tables A2 and A3. a few prime mobility parts, which are
expected eventually to exhibit increasing replacement rates as they begin to
wear out, were not observed to have done so during the first 19,000 miles of
M151 life. The random rate they did show was often low and led to intuitively
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unrcalistic mean lives. The inclusion of “realistic™ mean lives for these parts
would have the cffect of raising the estimated equilibrium breakdown rate.

(d) The estimated cquilibrium is low to the extent that there are a number
of other parts not included in the analysis that could eventually fail with signifi-
cant frequency to affect mobility.

{¢) The usage rate is assumed to remain at about 7000 milos/yoar. The
replacement probability of a piart is no doubt influenced by the mileage accumu-
lation rate. The evidence of scine past studies” indicates that lower probabilities
of failure per mile and hence larger mean mileage lives are associable with
higher rates of use.

Each of the points raised was examined in somv detail. It was generally
felt that only points b and ¢ migh! significantly influence the equilibrium esti-
mate. Data on which to estimate the influence of point e did not exist—the indi-
cations of past studies® are that de riations from the observed use rate of up to
+ 25 percent are likely to have small influence. The effects of long expasure to
the elements and to the user envircnment, which were not observable in the first
20,000 miles of life (3 years or less), raised as point b are unknown.

Degraded. Based on a performance d<graded to account for the influences
of points b and ¢, an equilibrium of 0.778 replacement johs per 1000 miles of
operation was estimated for the full list (19 percent greater than that estimated
directly trom the data); the degraded hard-core equilibrium was 0.345 jobs per
1000 miles (11 percent higher than the like original). The prejections based on
this equilibrium are shown in Fig. A6 along with the original projection. The
degraded is probably the move realistic estimate.

For lack of more information or a better estimate the degraded estimate
presented in Fig. A6 is the one on which lifetime cralculations are based and is
viewed as the best prediction of vehicie performance that can be made from the
data and general knowledge of the study.

The projections are generally characterized by relatively steep ascents
to 50.000 miles, then a gradual further ascent to equilibrium, which is pretty
well attained by 100,000 miles. The range of breakdown rates encompassed by
the full list of prime mobility parts and the hard-core list is represented pretty
well by the magnitude of the hard-core rate itself, indicating that the hard core
accounts for a fairly constant 40 to 50 percent of the total breakdowns. By in-
terpoiating a value through the center of these projections, new vehicles have
a breakdown rate on the order of 10 breakdowns per 100 vehicles in moving 1000
miles. This rate increases steadily to about four times that value by 50,000
miles; equilibrium is about five times the initial value. Thus of the total five-
fold increase from initial breakdown rate out to about 100,000 miles of vehicle
life, 80 percent of it occurs in the {first half of the period.

Projections of Other Performance Measures

Having projected the breakdown rate h, projections of mean miles per
breakdown, availability potential, reliability, and mission-success index could
be straightforwardly derived by the formulas describing their dependence on
h presented earlier. These projections are shown in Figs. AT to All.

Projections are shown to 200,000 miles to illustrate plainly the asymptotic
nature of the projections and the relative flatness after 100,000 miles. As has
been noted earlier, the purpose has been not to predict the performance of
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Fig. A10—Mission-Success Index
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200.000-mile-old ',-ton trucks, but rather to take account of presently deteet-
able long-range trends to better estimate performance in some intermediate
range--20,000 to 80,000 miles. The projeetions now shown are included simply
as reference material. Projections are shown for both like-original and de-
graded estimetes of performance. The important implications of these projec-
tions for the study are presented in Chap. 4.

PROJECTIONS OF UNSCHEDULED MAINTENANCE COSTS

Maintenance costs were assumed to paraltel breakdown rate and so to pro-
ceed to equilibrium according to the same curve form as that used to project
breakdown rate. In Tables A6 and A9 the data points and the derived points and

TABLE A8

Doto Points on Which P:ojections of
Mointenonce Costs Were Bosed

Malntenn.~:;~_ccsts, —
Age interval, in units dollors per 1000) miles
§ il
SHS000 s L:ks-original Degraded
1 23,01 23,91
) 1427 34,27
3 16,72 16.32
3 62.37 62.37
Fqnilibrium 0t HO. 12
TABLE A9

Equotion Porometers ond Derived Points Corresponding
10 Doto Points fo; Projected Mointenonce Costs

Derived maintenonce costs,
Age intervol, in units doilors per 1000 miles

of 5000 miles
Like originol® Degraded®
i 21.76 23.96
2 35.86 36.02
3 Ut 15,99
! 52.53 5101
10 T 89. 10
Fquilibeinm k! 89.42
AP0y B.00:p  0.258.
bp@y  9.00.,  0.905,
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curve parameters respectively are shown. The curves are shown in Fig. Al7.
As with breakdown rate, the projections fit the equilibrium points exactly, as-
vmptotica.ly. The like-original projection is an unacceptable fit by the v\’ level
of less than 0.95, the criterion for acceptability. The degraded projection is
acceptable at a \° level of about 0.80. The unit cost used in the \’ tests was
$25, approximately the mean cost per unscheduled maintenance action (£27.33)
derived in Chap. 2.

10 ;

1 7
Degraded performance

Like-ariginal perfarmance

DOLLARS PER 100 MILES
o

cosT,

! 1 1
0 50,000 100,700 150,000 200,000
MILES SINCE ISSUE

Fig. Al12—Projected Maintenonce Costs

¢ Data points
x Estimated equilibriums

Parts costs, labor man-hours, and man-lhour costs were not projected
separately. (Apparently their projections would be cimilar in form to the
projections costs shown in Fig. A12.) However, Figs. A13 through A17 do chow
their observed values compared with their expected equilibriums.

RE PRESENTABILITY OF TOTAL SAMPLE BY DETAIL SAMPLE

In costing. the detail sample was relied on as the source of all costs ex-
cept those of prime molsility parts replaced. In particular, the ratios of labor
costs and other (not prime mobility) parts costs to prime-mobility-parts costs
in the detail sample were applied to the prime-mobility~parts costs of the total
sample to estimate total costs. The validity of this procedure depends to a
considerabie extent on similarities between the samples. The only direct com-
parison possible is between the costs of prime mobility parts in each sample.
Figure A18 reveals the samples to be similar in this respect. The coeificient
of correlation between the two sets of cost points is 0.742.
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Coefficicnt of carrelaticn is 0.742.

+ Detailed somple O Total somple

PROCUREMENT AND PREMATVURE LOSSES

The constant procurement quantity p required to maintain a constant fleet
size when the member vehicles have lifetime L and premature-loss rate w (dis-
cussed at the end of Chap. 6 and presented graphically in Fig. 52) was derived
as follows. Consider p to consist of two parts: (1) p, . replacements for vehi-
cles attaining age L during the procurement year, and 2) p,, , replacements for
vehicles not attaining age L during the procurement year but lost for other

reasons (e.g., accidents). Thus

r Pyt Py
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Fig. A19—Premaiure Losses by Year of p
Vehicles Bought L Yeors Ago

Lass rate is w per ysar,

Now p, is just P, the number of vehicles bought L years ago, less those that

have been lost meanwhile. As Fig. A19 shows, the latter quantity is just
[-2

M X wi* . Hence

]

I-2
S L
P, p[l e, (1 u)J (A2)

Noting that the sum in Eq 2 is just the sum of a geometric series with L-1 terms,
first term 1, and ratio (I-w), Eq 2 may be rewritten

p, pU L (A3)
The other part of p (i.e..p, ) is just the premature-loss rate times the fleet

size less those that will attain age L and so wiil be replaced anyway this year,
namely p, . Thus

. P W (1w (A4)

Combining Eqs 1, 3, and 4 and solving for p yields

N
TR
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INTRODUCTION

This appendix contains tables and graphs of the replacement rates of M151
prime mobility parts on which the performance analyses of Chaps. 3 and 4 were
based and the cost analysis of Chap. 5 heavily relied. The rates were produced
by a computer routine described briefly in RAC-T-460° and in greater detail in
RAC-T-465.%

RATES

Rates of occurrence of two kinds of replacement actions were calculated
as a function of vehicle age. One kind is called a “replacement job,” the other
simpiy a “replacement.” The distinction is relevant for parts used in the M151
in numbers greater than one. e.g., spark plugs and tires. For such parts, a re-
placement job is a maintenance action involving the replacement of any nurnber
of parts, including replacement of the complete se{. A replacement, on the other
hand, is the maintenance action constituted by replacing one part. Thus a re-
placement job consists of one or more replacements.

The rate of occurrence of replacement jobs was taken to be a measure of
vehicle reliability. The rate of occurrence of replacements was regarded as a
measure of part life and part reliability; it was also used in conjunction with
part prices to develop costs of parts consumed.

The rates were calculated as follows: for each 1000-mile-usage interval
j in which M151 activity was observed, counts were made of the number of ve-
hicles \’i observed throughout the interval and, for these vehicles, the number
of replacement jobs ], and replacements (; experienced by each prime mobility
part. Replacement job rates R] were then calculated for each usage intervalj

by

where q is the quantity of the part on a vehicle.

For engines and transmissions a more detailed analysis was made. (Be-
cause there is only one of each assembly pe1 ehicle the discussion can be con-
fined to orly one kind of rate—the replacement rate.) For each assembly type,
replacements were identified by order of replacement on a given vehicle as
well as by the usage interval in which it occurred; replacements of original

98 RAC-T-479
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assemblies were assigned order number one, replacements of second assem-
blies were assigned order number two, etc. Also for each usage interval,
counts of vehicles that had not yet experienced replacements of a particular
order were formed for orders one through four.

Starting with these basic counts, replacement rates of three kinds were
computed for each order i. The rate among vehicles that had nnt yet ~xperienced
a replacement of the order were formed by

where K is the rate, E,, is the number of replacements of order i made in usage
interval j, and \',-J is the number of vehicles observed in usage intervalj that
had not vet experienced a replacement of order i. In much literature this rate
is called the hazard rate (when a replacement is regarded as a failure).

From this point replacement rates amony all vehicles observed in the in-
terval were computed for each order by the recursion

T, TR

J Ty - 10

)=
where R,-j is tha rate of ith order replacements in usage interval j. Replace-
ment rates R, analogous to those computed for all prime mobility parts,were
calculated by

R, - X R
1

j 1

The third kind of rate was just the cumulative of the rate by order for all
orders among all vehicles. These were

j
s
RCy - 3 ROy

and

where RC represents cumulative R.

SAMPLE

The M151 sample on which the rates presented here were based was that
described in Chap. 1. Its distribution in usage (shown graphically in Fig. 3)
is shown in tabular form in Table Bl. These are the vehicle counts VJ- men-
tioned in the previous section.

As discussed in Chap. 1, the introduction of TAERS, which occurred sub-
sequent to the issue of many of the vehicles. made available maintenance data
on many more parts usually attended to at second echelon. For such parts only
the period of observation covered by TATRS was used as the basis of their re-
placement rates. Indeed, in what was in retrospect a possibly couservative de-
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/ TABLE Bl
Usage Distribution of M151 Somple
Usage interval, miles
Vehicles in Vehicles in
Greater then full sample TAERS cavered sample
Less than
or equal ta
¥ 0 100 T2 0
g 1,000 2000 Tl 100
' 2,000 3,000 TH5 299
;4 3000 1,000 i a1 )
1060 5.000 T 331
# 5,000 6.000 R RER]
& 6.000 7.000 710 360
' T.000 8,000 680 151
i 8.000 0,00 631 353
9,000 10,000 398 370
10,000 11,000 330 376
! 11.000 12,000 181 312
12.000 13,000 302 300
13.000 11,000 15 260
11,000 15,000 260 2207
15.000 16,000 218 202
16,000 17.000 (52 167
17.000 18.000 138 137
18.000 19.000 113 m
19,000 20,000 88 88
20,000 21,000 63 63
21,000 22,000 16 16
22,000 23,000 RH 35 o
27,000 24,000 24 2
21,000 23,000 18 18
25,000 26,000 11 11
26,000 27.000 £l 7
27,000 28,000 ! 3 _
IR, 000 29,000 1 1
20000 30,000 I 1
. 10,046 5348
his sanple, fron which partsreplacement rates were developed, inadvertently has ten fewer
vehivles than that shown as the total xmiple in Chap. 1. Having included the ten would have
altered the computedd rates neghigibhy.
cision, only engine and trunsmission replacement rates were developed {or the
full sample nf life observed. .
TABLES
The tables of replacement job and replacement rates (see Tables B2
through B4) arc essentially sclf-explanatory. Engine and transmission rates
are presented in two different formats. In one they are presented the same as
are all the other parts. In the other they are shown by order and as rates )
among vehicles yet to experience the order (hazard rates), as rates among all
vehicles, and as cumulative rates anmong all vehicles.
A
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TABLE B2

Replacement Rates of Prime Mobility Parts

Usage interval,
thous of miles

)
Replacement Farts Rep!acemenf {0
, jobs repiacement
jabs replaced .
\ireater than pe- vehicle per part
Less than
av equal ta
Clutch Bearing®

0 | —_ - [ —

1 b 0 0 0 0
M 3 2 2 0.007 0.007
3 13 D 5 0.015 0.015
i D 5 5 0.015 0.015
3 G 3 3 0.012 0.012
0 3 R 3 0.008 0.008
5 8 6 0O 0.017 0.017
8 Q 13 13 0.011 0.011
D] 10 5 5 0.0113 0.013
10 11 5 5 0.013 0.013
11 12 3 3 0.000 0.000
12 3 2 2 0.006 0.006
3 14 O [ 0.022 0.022
1t 15 2 i 0.009 0.009
5 16 2 2 0.009 0.009
0 17 3 3 0.017 0.017
" 18 1 1 0.007 0.007
18 16 i, T 0.059 0.059
19 20 3 3 0.031 0.031

20 H 0 0 0 0

21 = 0 0 \] 0
20 B 2 2 0.055 0.055

23 24 0 0 0 0

21 R} 0 0 0 0

EAS 26 0 0 0 0

26 7% 0 0 0 0

2 28 0 0 0 0

28 29 0 0 0 0

29 30 0 0 0 0

Total 70 70 — —

Clutch Disk?®

0 1 — — —_ —
1 i 1 1 0.005 0.005
3 3 2 - 0.007 0.007
3 t 1 3 0.012 0.017
4 5 6 6 0.018 0.018
5 §] 1 1 0.003 0.003
0 i 5 5 0.014 0.011
T 8 5 5 0.011 0.014
8 9 t 13 0.011 J.011
9 10 2 & 0.005 0.7C5
10 11 1 1 0.010 0.010
11 12 1 1 0.003 0.003

RAC-T-479 101

FOR OFFICIAL USE ONLY

RS R

Lo

R

O e e

fate




i e

FOR OFFICIAL USE ONLY

TABLE B2 (continved)

Usoge interval,
thous of miles

Replocement Parts Rop!ocomon' Ports
? jobs replocement
jabs reploced ,
Greoter than per vehicle per part
Less thon
or equol to
12 13 3 3 0.000 0.009
13 14 1 + 0.015 0.015
14 15 0 0 0 0
15 16 & ° 0.009 0.009
16 17 1 1 0.006 0.006
17 18 1 1 0.007 0.007
18 19 3 3 0.026 0.026
19 20 1 1 0.011 0.011
20 )| 0 0 0 0
gty 2 0 0 0 0
2 23 1 1 0.027 0.027
23 2 0 0 0 0
2t 25 0 0 0 0
25 26 0 0 0 0
26 s 0 0 0 0
a5 28 0 0 0 0
R 29 0 U 0 0
20 30 0 0 0 0
Total 51 51 —_ —_
Clutch Plote®
0 1 —_ —_ = —
| & 0 0 0 0
2 3 2 2 0.007 0.007
3 + 1 1 0.003 0.003
3 5 1 b 0.012 0.012
K} 6 1 1 0.003 0.003
6 h 3 3 0.008 0.008
v 8 4 4 0.011 0.011
8 9 4 4 0.011 0.011
9 10 6 6 0.016 0.016
10 1" N 7 0.018 0.018
11 12 1 1 0.003 0.003
122 13 2 2 0.006 0.006
i3 1t 4 + 0.015 6.015
1t 15 1 1 0.004 0.004
15 16 1 1 0.005 0.005
16 17 2 2 0.011 0.011
17 18 1 1 0.007 0.007
18 19 13 1 0.034 0.031
19 20 2 2 0.021 0.021
20 2] 0 0 0 0
3 82 0 0 0 0
22 23 1 1 0.027 0.027
23 Pd 0 0 0 0
21 25 0 0 0 0
s 26 0 0 0 0
26 73 0 0 0 0
2 28 0 0 0 0
102 RAC-T-419
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TABLE B2 (continued)

Usage interval,
thous of miles .
Rep acement Ports
Replacement Parts
. replaced 1aas replacement
Greater than per venicle per port
Less than
ar eaual to
283 A 1} [} 4] [{]
20 30 ) Y] 0 ]
Total 5l 5l —_ -
Clutch Parts Kit?
[} 1 — —_ — —
1 2 1 1 0.005 0.005
2 3 il {] 0 0
3 1 Q0 1] 0 0
1 5 ] ] 1] 4]
5 6 1 1 0.003 0.003
O q 2 2 0).006 0.006
& 8 3 3 0.008 0.008
8 3 1 1 0.003 0,001
Q 10 g ps 0.0CH 0.005
10 11 5 3 0.013 0.013
11 12 1 1 0.003 0.003
12 13 3 i) 0.016 0.016
13 11 1 1 0.001 0.004
11 15 U b ] 0.008 0.008
15 16 3 3 0.014 0.01¢
16 17 5 D 0.029 0.029
17 18 3 3 0.021 0.021
18 19 1 1 0.009 0.009
19 20 0 0 0 0
20 21 0 0 0 0
21 puced 0 0 0 0
0 23 1 1 0.025 0.025
RAY N 1 1 0.032 0.032
21 e | 1 1 0.050 0.050
2% 26 0 0 0 0
26 20 0 0 0 4]
U5 28 0 0 0 v}
28 29 0 0 0 0
29 30 0 0 0 G
Total 39 39 - —
Differential®
(¥} 1 — — — —
1 q 0 0 0 0
hd 3 0 0 0 0
3 i 1 |} 0.006 0,003
4 5 0 0 0 0
5 6 0 0 0 0
6 T 1 1 0.003 0.001
E 4 0 0 0 0
8 9 1 1 0.003 0.001
9 10 ) { 2 0.005 0.003
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TABLE B2 (continued)
Usage interval, .
Mt 6 ey R Replacement Parts r
eplacement Parts . 1
A jobs replocement 4
jabs replaced .
Greater than per vehicle per part
Less than
or equal ta
! : o n 3 3 0.008 0.004 :
! 1 12 1 1 0.003 0.001 ]
; 12 13 1 1 0.003 0.002 ‘ :
1 11 0 0 0 0
{ 1 15 o 0 0 0
i 15 16 0 0 0 0
; 16 17 0 0 0 0 |
1 18 2 2 0.015 0.007 : i
. 11 19 1 | 0009 0.005 £
i 10 20 0 0 0 0 %
20 2 0 0 0 0 4
2 22 0 0 0 0
22 i3 0 0 0 0 4
m 21 0 0 0 0 G
2 25 0 0 0 0 5
25 S 0 0 0 0 g
26 27 0 0 0 0 i
o 28 0 0 0 0 3
28 20 0 0 0 0 i
29 30 0 0 0 0 H
Tu!al 11 R —_ -
i Engine® -
0 1 2 2 9.003 0.003
’ ! 1 2 3 3 0.004 0.001
| 2 3 ' 1 0.005 0.005
| 3 1 2 2 0.003 0.003 -
i ' 3 o 6 0.0u8 0.008
| 3 6 4 4 0.006 0.706
' 0 g 4 4 0.006 ¢ 006
! B 8 2 2 0.003 0.003
8 4 o 3 0.011 0.011 §
4 10 [§ 6 0.010 0.010 i
| {0 1 i 1 0.007 0.007 i
1 12 3 5 0.010 0.010 :
12 13 5 5 ¢.013 0.013 5
11 14 ' ' 0.013 0.013 g
11 15 3 3 0.011 0.011 .
15 16 ] 1 0.005 0.005
It 17 3 3 0.017 0.017
17 18 1 1 0.007 0.007 ]
13 19 2 p 0.017 0.017 t
19 20 2 2 0.022 0.022 ' !
20 uj 2 2 0.03} 0.051 ?
21 2 0 0 0 0 H
Ay 23 0 0 3 0 i
3 o 0 0 0 0 -
2 25 I ] 0.032 0.052
-
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TABLE B2 (continved)
. Usage interval,
s GHOmIEE R Replocement Parts
eplacement Poarts
B obs replocement
jobs replacad '
Greater than per vehicle per part
Less then
ar equal to
L5 20 0 0 0 0
20 2 0 0 0 0
) Oy 0 0 0 Q u
28 ] 0 0 0 0
20 30 0 0 0 4]
Total ) 3 _ -
Frant Prop Shaftb
0 1 = — - —
1 N 0 0 0 0
k. 3 1 1 (LA H) ) 0.007
) 1 1 1 0.003 0.002
3 oD } 1 0,012 0.006
5 0 A ) 0.000 0.005
0 T 1 1 0.003 0.001
T 8 0 0 0 0
] 9 2 2 0.006 0.003
9 10 0 0 0 0
)] 11 1 | 0.003 0.00]
1 12 3 3 0.004 0.001
12 13 0.010 0.905
- 13 11 0.011 0.006
1 15 3 3 0.013 0.007
15 1o 1 1 0.005 0.003
16 17 1 1 0.006 0.003
17 18 0 0 0 0
= 18 19 1 1 0.009 1.001
19 20 2 2 0.021 0.0i1
20 Al i 1 0.015 0.008
21 22 0 0 0 0
= 28 0 0 0 0
2 24 0 4] 0 0
21 25 Q0 0 0 0
25 20 0 0 0 0
20 D 0 0 0 0
27 28 0 0 0 0
28 29 0 0 0 0
* 29 30 0 0 0 0
Total 33 33 — —
Reor Prop Shaftb
. [¢] 1 — = — —
1 & 0 0 0 0
2 3 1 1 0.003 0.002
3 4 5 5 0.015 0.008
- § D 2 2 0.006 0.003
5 ] 1 1 0.003 0.001
G il 1 1 0.003 0.001
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TABLE B2 (cantinued) 3
Usage interval, .
thaus aof miles b
Replacement Part Replarement Parts
placeme arts .
b laced jabs 1eplacement 4
icbs replace .
Greater than per vehicle per part 3
Less than i
or equal ta | $
4
7 8 2 2 0.006 0.003 §
8 9 1 1 0.003 0.001 i
Y 10 0 0 0 1] ‘ i
1 11 0 0 0 0 4
i 12 0 0 0 0
1.2 13 1 1 0.003 0.002
13 14 ! 1 0.001 0.002 )
11 15 1 1 0.004 0.002
5 16 1 1 0.005 0.002
16 18 1 A 0.006 (.006
17 18 0 0 0 Q ‘
18 19 0 0 0 0
9 20 1 2 0.011 0.011
20 21 0 0 0 0 i
21 22 1 1 0.022 0.011 4
b B 0 0 ¢ 0 ;
23 4 0 0 0 0
13 5 y 0 0 0
0% 26 n 0 0 0
20 27 0 0 0 0 i
- 28 0 0 0
28 29 0 0 0 0
29 30 0 0 0 0 "
Total 20 22 — —
T.ansmissian®
0 1 6 6 0.008 0.008 -
1 1 3 3 0.004 0.004
£ 3 3 3 0.004 0.004
3 1 } 4 0.005 0.005 §
! 5 7 Z 0.010 0.010 i
K} §] 3 3 0.004 004
§) ) 8 8 0.011 0.011
ol 8 6 6 0.009 0.C09
8 9 8 a 0.013 0.013 )
0 10 11 14 0.023 0.023 '
10 11 13 1. 0.023 0.023 ¥
11 2 11 14 0.028 0.028 b
12 13 5 5 0.012 0.012 {
13 1t 1 n 0,034 0.034 3
1t 15 T [ 0.926 G.026 é
15 16 4 4 0.017 0.C17 . i
16 17 10 10 0,054 (054 %
B 18 ) 1 0.0:3 0.028 2
18 19 1 2 0.016 0.016
19 20 ! 2 0.021 0.021
20 21 2 3 0.047 0.045 N
21 28 » 2 0.037 0.037
2 23 0 0 U 4]
.
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TABLE B2 (continued)

R

Usage interval,
ogews cLopicy R Replacament Parts
eplacement Parts .
iabs replaced |obs' replacement
Greater than per vehicle per part
Less *lan
or equal to
23 21 ] ] 0.030 0.010
21 25 1 | 0,047 0,047
25 20 0 )] 0 0
20 5 0 0 0 0
2% 28 0 0 0 0
RIS 29 0 0 0 0
20 30 0 0 G ]
Total 11 141 (= =
Bmteryb

0 1 - — A —

I 2 ] P 0.005 0.005
2 3 5 T 0.017 0.012
3 3 1 I 0.003 0.002

3 5 0 ¢ 0 0

5 4] i Y 0.003 003
o v 2 0.006

o 8 ] 0.003

8 9 1 2 0.003 1.003
9 10 2 ' 0.005 0.005
10 11 3 8 0.008 0.008
11 12 3 3 €.009 0.006
12 13 0 0 0 0

3 14 5 7 0.019 0.013
11 15 3 1 0.013 0.009
15 16 5 5 0.n24 6.012
16 17 2 4+ 0.012 0.012
[N 18 0 0 0 0
18 1L 0 0 0 0
i9 20 0 0 0 0
20 2] 1 2 0.015 0.015
21 230 0 0 0 0
L A 0 4] 0 0
20 24 0 0 0 0
21 oo 0 0 0 0
25 26 0 0 0 0
26 T 0 il 0 0
3 28 0 0 0 0
28 29 0 0 0 0
20 30 0 J 0 0

Total 36 5 — —
Generator Beltb

0 | = — — —

1 2 1 2 0.005 0.003
2 3 ] 1 0.003 0.002
3 3 0 0 0 0

1 5 0 0 0 0

5 6 0 0 0 0
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TABLE B2 (continved)

Usage interval,
thous of miles

I Replacement Parts Rop!ocemon' ]
A jobs replacement
jobs replaced .
Greater than per vehicle per port
I't Less than
or equal ta
6 7 0 0 0 0
N 8 H 2 0.003 0.003
8 9 1 1 0.003 0.061
9 10 1 6 0.011 0.008
10 11 4 6 0.011 0,011
11 12 5 7 0.015 0,010
12 13 1 2 0.003 0.003
13 11 0 0 0 0
14 15 0 0 0 0
15 16 0 0 0 0
16 17 1 1 0.006 0.003
, 5 18 ] 1 0.007 0.004
! 18 19 1 1 0.009 0.004
19 20 0 0 0 0
20 21 1 1 0.016 0.008
21 22 0 0 0 G
2 23 0 0 0 0
23 24 0 0 0 4]
24 25 0 0 0 0
f 25 26 0 0 0 0
i 26 27 0 0 0 0
| o7 28 0 0 0 0
28 29 0 0 0 0
! 29 30 0 0 0 0
Total 22 33 - -
Cail?®
4] 1 — — — —_
1 2 0 0 0 0
2 3
3 4
i 5 0 0 0 0
D 6 1 1 0.003 0.003
6 n 0 0 0 0
n 8 2 2 0.006 0.006
8 9 0 0 0 0
9 10 0 0 0 0
10 11 1 1 0.003 0.003
11 12 3 3 0.009 0.009
12 i3 1 1 0.003 0.003
13 14 ] 1 0.004 0.004
11 15 1 1 0.004 0.004
15 16 0 0 0 0
lo 17 0 0 0 0
17 18 0 0 0 0
18 19 0 0 0 0
19 20 0 0 0 0
20 21 0 0 0 0
Al 2 0 0 0 0
i
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TABLE B2 (continued)

Usage interval,
thaus of miles
Repl . Part Replacement Parts
eplacemen arts 5
iabs céplaced (obsl replacement
Greater than per vehicle per part
Less than
ar equal ta
»n ) 0 0 0 0
o) 24 ] 0 0 0
21 3% 0 0 [\] Q0
D 26 0 0 0 0
20 27 0 0 0 0
27 28 0 0 0 0
28 29 0 0 0 0
20 30 0 0 0 0
Total 10 10 — —
Distributar®
0 I — — _ —
1 3 1 1 0.005 0.005
) 3 I 4 0.013 0.013
3 i 8 8 0.025 0.025
3 i T 7 0.021 0.021
) 6 7 7 0.020 0.020
) il 9 9 0.025 0.025
7 8 3 3 0.008 0.008
8 9 5 8 C.022 0.022
9 10 5 5 0.013 0.013
10 11 10 10 0.025 0.025
[ 13 6 6 0.017 0.017
12 B} 3 2 0.006 0.006
13 14 8 8 0.029 0.029
14 15 0 0 0 \]
15 16 2 A 0.009 0.009
HY i 4 4 0.021 0.021
17 18 8 1 0.013 0.013
18 19 3 3 0.023 0.023
19 20 3 3 0.027 0.027
20 21 5 5 0.069 0.069
21 22 0 0 0 0
Y 23 0 0 0 0
23 21 1 1 0.033 0.033
2 25 0 0 0 [§]
25 26 1 1 0.105 0.105
26 27 0 0 0 0
U 28 0 0 0 0
28 29 0 0 0 0
29 30 0 0 0 0
Total 99 99 —_ —_
Generatar®
0 I —_ —_ —_ —
1 b 1 1 1 0.005 0.005
Y 3 3 3 0.010 0.010
3 4 6 6 0.019 0.C19
"RAC-T-4179 109
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TABLE B2 {cantinued)

ey,

R R R A

Usage interval, . 3
thaus af miles S
Reol ' Part Replocement Parts
placemen arts .
iabs e |obs‘ replacemant
Gieaterlthad per vehicle per port
Less than
ot equal ta
1 5 9 9 0.027 0.027
5 6 3 4 0.012 0.012 .
6 7 8 8 0.022 0.022
h 8 9 9 0.025 0.025
8 9 7 7 0.020 0.020
9 10 11 11 0.029 0.029
10 11 13 13 0.034 0.034 -
1] 12 6 6 0.017 0.017
12 13 8 8 0.025 0.025
13 It 4 + 0014 0.014
14 15 2 2 0.008 0.008
15 16 0 0 0 0
16 i 0 0 0 0
17 18 ] 1 0.006 0.006
18 19 1 1 0.009 0.009
19 20 1 1 0.010 0.010
20 21 0 0 0 0
2 22 1] 0 0 0
a2 23 0 0 0 0
23 24 0 0 0 0
24 25 1 1 0.046 0.046
25 % 0 0 0 0 . %
26 p 1 1 0.016 0.016 k-
7 28 0 0 0 0 €
28 29 0 0 0 0 1
29 30 0 0 0 0 i
£
Total 96 96 — - * %
Genergtor Regulutor® E
0 ] — = = — g
1 2 1 ] 0.005 0.003 &
2 3 6 6 0.020 0.020 b
3 4 9 9 0.028 0.028 e
1 3 4 0.012 0.012 ¥
5 6 2] 2 0.006 0.006 %?
6 7 6 6 0.017 0.017 5
H 8 5 5 0.014 0.014 o[
8 9 9 9 0.025 0.025
9 10 10 10 0.027 0.027
10 11 9 9 0.024 0.024
11 12 10 10 0.028 0.028
12 13 i 7 0.023 0.023
13 14 3 3 0.011 0.011
1§ 15 3 3 0.013 0.013
15 16 7 7 0.032 0.032
16 17 2 2 0.911 0.011
T 18 1 1 0.007 0.007
18 19 b4 2) 0.017 0.017
19 20 0 0 0 0
110 RAC-T-479
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TABLE B2 (continued)

Uscge interval,
I il R Replacement Parts
eplacement Parts b I
iobs replaced |0 s. replacement .
Gredtet than per vehicle per part
Less than
ar equal ta
20 2 1 1 0.015 0.015
21 = 0 0 (1] 0
" 1% 1 | 0.025 0.025
23 Ry 0 0 0 0
21 25 4] 0 0 0
25 20 1 0.088 0.088
20 o i R 0.268 0.268
B 28 0 0 0 0
26 29 0 0 0 0
29 30 0 0 0 0
Toral 161 101 —_— —
Spark Plug®
0 ] — — = _
1 2 3 12 0.016 0.016
2 3 51 20 0.017 0.017
3 1 9 28 0 028 0.022
1 h 7 20 0.021 0.015
5 6 16 61 0.046 0.047
[ N 9 38 0.025 0.026
T 8 10 31 0.028 0.022
8 9 13 48 0 036 0.034
9 10 12 12 0.031 0.028
10 11 10 32 0.025 0.020
11 12 13 17 0.036 0.033
12 13 8 26 0.025 0.02)
13 14 7 51 0.060 0.019
14 15 | 4 0.004 0.00+ p:
15 16 6 18 0.028 0.021 b
16 17 2 10 0.012 0.015 2
15 18 1 4 0.007 0.007 £
18 19 1 1 0.009 0.009 4
i 19 20 4 10 0.011 0.026 §
! 20 21 I 1 0.015 0.004
21 ® 0 0 0 0
22 23 0 0 0 0
b 23 21 0 0 0 0 a
: - M 25 0 0 0 0
25 26 0 0 0 0
!2::‘ 26 27 1 1 0.137 0.138
b DT 28 0 0 0 0
' 28 29 0 0 0 0
. 29 30 0 0 0 0
Total 149 517 —_ -
4 Starter®
0 1 = == — —
Ly 1 2 0 0 0 0
i S
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. TABLE B2 (continued)

Usoge interval, .
thaus aof miles
Replac ' Part Replacement Parts
ep amen arts .
s replaced |abs. replacement
Greoter than per vehicle per part
Less thor
5 or equal ta
%
P B 2 3 0 0 0 0
| 3 4 1 1 0.003 6.003
[ 4 § 0 0 0 0 o
i3 5 6 0 0 0 0
i ;_,,; 6 & 1 1 0.003 0.003
& 3 8 0 0 0 0
P & 8 9 1 1 0.003 0.003
. 9 10 2 2 0.005 0.005 *
b 10 1 3 3 0.008 0.008
! K 12 1 1 0.003 0.004
12 13 0 0 0 0
, 13 14 0 0 0 0
i 14 15 0 0 0 0
15 16 2 2 0.010 0.010
16 7 0 o 0 0
17 18 0 0 0 0
18 19 0 0 0 0
19 20 1 1 0.011 0.011
20 21 0 0 0 0
21 22 0 0 0 o
) 23 0 0 0 0
23 24 1 1 0.035 0.035
g 24 25 0 0 0 0 -
25 26 0 0 0 0
7 %6 27 0 ¢ 0 0
i ” 28 0 0 0 0
i 28 a9 0 0 0 0
{ 29 30 0 0 0 0 .
Total 13 13 = —
Coarburetor®
0 1 _ = - —
\ 2 1 1 0.005 0.005
2 3 3 7 0.023 0.023
} 1 5 5 0.015 0.015
1 b 5 5 0.015 0.015
5 6 2 2 0.006 0.006
6 & k1 3 0.008 0.008 R
= 8 6 6 0.017 0.017
8 9 6 6 0.017 0.017
9 10 5 5 0.013 0.013
10 11 2 a 0.005 0.005
1 th 10 10 0.028 0.028 -
12 13 8 8 0.025 0.025
17 14 2 2 0.007 0.007
11 15 3 5 0.021 0.021
15 16 5 5 0.023 0.023 -
16 2 1 4 0.022 0.022
17 18 0 0 0 0
18 19 ) o 0.016 0.016 S
Y
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TABLE B2 (cantinued)
. Usage interval,
ans) ofimules Replacement Parts
Replacement Parts b ;
iabs replaced iobs. replocement
Greoter than per vehicle per port
Less thon
ar equal ta
10 20 | 1 0.01 0.011
3 20 el i 1 0.059 0050
m 22 \ 1 0.021 0.021
_k 23 0 ) 0 0
&) 2 0 0 0 0
21 25 1 1 0.955 0.055
. 25 26 i 0 [}] Q0
26 s Q0 0 0 0
N 28 0 ( 0 0
28 20 B ] 0 0
26 30 0 G 0 0
Total 87 q = =
Fyel Pump?
0 \ — — — —
1 & 3 3 0.016 0.016
2 3 3 3 0.010 0.010
3 1 K 5 0.015 0.015
1 5 2 2 0.006 0.006
5 6 D 3 0.009 0.009
[ T U 2 0.006 0.006
T 8 1 1 0.003 0.003
- 8 9 24 B 0.006 0.006
9 10 1 ] 0.003 0.003
10 11 8 8 0.021 0.021
11 112 9 9 0.026 0.026
12 13 2 3 0.610 0.010
= 13 14 1 1 0.015 0.015
11 15 1 1 0.017 0.017
15 1o 4 4 0.019 0.019 z
16 7 1 1 0.006 0.006
17 18 2 2 0.014 0.014
18 19 4 1 0.035 0.035
19 20 3 3 0.034 0.034
20 21 3 3 0.018 0.048
21 0 0 0 0 0
= 22 23 1 1 0.030 0.030
e} 24 1 | 0.037 0.037
) 2 25 0 0 0 0
245 20 0 0 0 0
4 26 fi 0 0 0 0
37 28 0 0 0 0 g
o 28 29 0 v} 0 0
29 30 0 0 0 0
g Total 69 oY —= —
E Broke Cylinder®
0 _ — — —
] 2 0 0 n 0
a
RAC-T-479 - 113
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TABLE B2 (continued)

B AT
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ATt Al A A B, A

Usoge interval,

thous of miles

Replocement Parts
Replacement Ports b |
jobs replaced Gt S e
Greoter than per vehicle per port
Less thon
or equal to

2 3 1 1 0.003 0.003

3 4 0 0 0 0

1 5 0 0 0 0

5 O 0 0 0 V]

6 h 0 0 0 0

T 8 1 1 0.003 0.003

8 Q 1 1 0.003 0.003

9 n 0 0 0 0
10 11 1 1 0.003 0.003
11 12 0 0 0 0
12 13 1 2 0.007 0.007
13 14 1 1 €¢.004 0.004
14 15 1 1 0.004 0.304
15 16 0 0 0 0
16 17 0 Q 0 0

i 18 0 0 0 0
18 19 0 0 0 Y]
19 20 1 3 0.011 0.011
20 21 0 0 0 0
21 23 0 0 0 0
22 23 0 0 0 0
231 24 0 0 0 0
24 25 0 0 0 0
25 26 0 0 0 0
26 25 0 0 0 0
2% RI 0 0 0 0
28 29 0 0 0 0
29 30 0 0 7] 0

Total 9 9 —_ —_
Suspension ArmP

0 1 - - = —

1 22 0 0 \] 9

2 3 1 1 0.003 0.002
d 4 0 0 0 0

) 5 1 1 0.203 0.001
5 G ) 2 0.006 0.003
6 b 0 0 0 0

5 8 0 0 0 0

o] 9 0 0 0 0

9 10 2 3 0.005 0.004
10 11 2 2 0.005 0.003
1 12 0 0 0 0
(O 13 2 9 0.007 0.003
13 1t 0 0 0 0
ii Ih [\] 0 0 0
15 lo 0 0 0 0
16 7 0 0 0 0
IF 18 0 0 0 0
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TABLE B2 (continued)
Usage ‘nterval,
L] .
thats, off milsiy Replacement Parts
Replocement Parts ob | ,
jabs replaced Ul replacemen
Greater than per vehicle per port
Less than
or equal to
8 v (1] (1] 0 9
19 20 0 0 0 0
- 20 21 0 t 1} Qo
| a0 0 0 {) 0
2 23 0 0 0 0
o 2 0 0 ( 0
e b oS 0 0 0 0
b 25 20 G 0 {} 0
20 -5 { 0 0 {
‘ s 28 0 0 0 0
28 29 0 0 0 0
20 30 0 4] 0 Q0
Total 10 11 —_ —
Tire®
0 i - — — —_
1 & 1 3 0.021 0.011
] 3 Y N 0.007 0.006
3 3 pU 1 0.006 0.002
3 A t [ 0,012 0.005
3 0 } 9 0.012 0.007
6 X 3 0.008 0.003
) 3 8 3 12 0.020 0.000
8 9 5 10 0.01% 0.007
9 10 6 6 0.016 0.004
, ' 11 ‘. 13 0.021 0.011
y 11 12 12 2] 0.03% 0.016
12 13 8 11 0.020 0.012
13 11 i It 0.026 0.011
it 15 ¢} 16 0.025 0.018
15 16 6 19 0.027 0.013
16 17 9 i 0.048 0.020
17 18 4+ N 0.027 0.013
1% 19 3 5 0.025 0.012 .
19 20 3 8 0.032 0.024
20 2] 2 8 0.029 0.03%
21 2 1 | 0.021 0.005
o 3 23 2 3 0.057 0.026
R 21 1 1 0.033 0.011
21 25 G 0 0 O
25 26 0 0 0 0
26 24 1] 0 0 0
: 25 28 0 0 0 0
28 29 0 0 0 0
29 30 0 0 0 0
. Total 109 209 = —
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TABLE B2 (continued)

Usage interval,
thaus af miles
Reol - Part Replacement Parts
eploceme arts :
iobs yeplized |obs‘ replacement
Greater than per vehicle per part
Less than
or equal ta
Wheel Bcwing"d
0 1 =L o= — —
1 2 1 ) 0.017 0.017
2 3 0 0 0 0
3 1 0 0 0 0
1 S 1 2 0.009 0.004
5 6 1 1 0.009 0.002
6 1 1 5 0.036 0,011
h ] 3 1 C.028 0.010
] Q 3 14 0.028 0.035
9 10 1 10 0.036 0.095
10 11 6 13 0.059 0.032
11 12 1 2 0.011 0.006
12 13 1 1 0.011 0.014
13 11 3 6 0.049 0.025
1t 15 0 0 0 0
15 16 1 1 0.619 0.005
16 17 3 9 0.072 0.054
h 18 1 2 0.026 0.014
18 19 1 1 0.030 0.008
19 20 1 4 0.033 0.037
20 2 0 0 0 0
21 22 0 0 0 0
22 23 1 2 0.078 0.044
23 24 QO 0 0 0
i 25 0 0 0 0
25 26 0 0 0 0
26 - 1 R 0.137 0.083
2 28 0 0 0 0
28 29 0 0 0 0
) 30 0 0 0 0
Total 37 116 —_ —
Radiator®
0 1 — — — —_
1 2 2 2 0.011 0.011
22 3 1 ) 0.013 0,013
] 1 3 3 0.009 0.009
1 5 0.009 0.009
5 6 0.009 0.009
6 N 3 3 0.008 0.008
o ] 1 4 0.011 0.011
8 Q 12 12 0.023 0.623
¥} 10 8 8 0.021 0.021
10 11 8 8 0.020 0.020
11 12 14 14 0.039 0.0:19
12 13 10 10 0.032 0.032
1 14 3 3 0.011 0.011
16 RAC-T-479
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TABLE B2 (continued)

Usage interval,
thoys gt ulss R Replacement Parts
eplacement Ports :
{abs replacement
jabs replaced .
Greater than per vehicle peripact
Less than
or equal to
11 15 2 2 0,008 0,008
15 16 3 3 0.4932 0.032
16 17 6 & 0.034 0.03%
17 18 0 0 0 4]
14 10 3 3 0.023 0.023
1] 20 4 2 0,022 0.022
20 21 2 R 0.029 0.029
2 R 1 1 0.019 0.019
iy 24 0 0 0 0
23 21 1 1 0.031 0.631
21 25 | | 0.049 0,049
0 20 Q0 0 ] 0
206 20 0 0 0 [
b td ¥} 0 [}] 0
28 29 0 Q §] 0
29 30 0 0 0 0
Tatal 102 o2 —-— —_
Wate Pump"
0 1 — — —_ -
1 ) 4 0 0 0 0
2 3 0 0 0 0
3 i 1 | 0.003 1.003
i o 0 0 0 0
5 ¢} 0 0 0 0
6 T 1 1 G X3 0.003
g 8 0 0 0 0
8 9 1 1 0.003 0.003
9 10 1 1 0.003 0.003
e 11 0 0 il 0
11 12 1 1 0.603 0.003
12 13 1 1 0.0603 0.003
11 11 2 & 0.008 0.008
1t 15 0 0 0 0
15 6 0 0 0 0
16 N 0 0 0 G
17 9 0 0 0 0
18 19 0 0 0 0
19 20 0 0 0 0
20 2| 0 0 0 0
21 R 0 0 0 0
B2 23 0 0 0 0
23 24 0 0 0 0
- 05 1 1 0.058 0.058
» 20 0 0 0 0
26 i 0 0 0 0
RAC-T-47¢ 117
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TABLE 82 (continued)

Usage interva,
thaus of miles

Replocement Parts Rep!ocomont Parts
jabs replaced jobs replacement
Greater than per vuhicle per part
Less than
or equal ta
—1
27 28 0 0 0 0
: 2% 29 0 0 0 0
s 29 30 0 0 0 0
4 Total 9 9 = —
: %0ne per vehicle.
3 wo per vehicle. ,
“Four per vehicle.
Based on the detail sample {see Chap. 1).
TABLE 83

Replacement Rates ond Hazord Rates for M151 Engines, by Replacement Order

a. Replacements per Usoge Interval

Usage i

nterval,

thaus of miles

Replacements
already experienced

Vehicles yet ta
experienca replacement

Greater than

Less than st 2d All st 24 All
or equal ta
0 1 2 0 2 762 762 762
1 2 3 0 3 759 761 761
2 3 4 0 4 750 7 755
3 4 2 0 2 738 747 747
4 5 6 0 6 725 735 735
5 6 3 1 4 705 720 720
6 7 4 0 1 692 709 710
7 8 2 0 2 659 679 680
8 9 6 1 1 613 633 634
9 10 6 0 6 575 597 598
10 11 3 1 4 524 549 550
11 12 5 0 5 460 482 ] 484
12 13 4 1 5 372 391 #392
13 14 3 1 4 293 313 315
14 15 3 0 3 242 258 260
15 16 1 0 1 199 216 218
16 17 3 0 3 157 170 172
17 18 1 0 1 127 137 138
18 19 1 1 2 103 112 113
19 20 2 0 2 79 86 88
20 21 1 1 2 56 63 63
21 22 0 0 0 41 46 46
22 23 0 0 0 30 35 35
23 24 0 0 0 24 28 28
118 RAC-T-479
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TABLE B3 (continued

c. Repiocements per Usage interval

Usoge intervol,
thous of miles

Replocements
olreody experianced

Vehicles yet ta
experience replocement

Greoter thon

Less thon 1st d All 1st 24 All
or equal to |
|
2] L 1 0 ! 16 18 18
25 26 0 0 0 b 11 11
20 U 0 0 0 3 5 7
2 28 0 0 0 2 + 1
28 20 0 0 0 1 1 1
20 30 0 0 0 i 1 1
Total 66 7 1 9718 10,026 10,046
b. Rate per Vehicle per Usage Interval
Usoge intervol, Veh|c|esl yel A .
Tiots af ite s to experience !l vehicles
replocement
Greoter thon | )  than | st 2 st 2 Al
or equol to
0 1 0.003 0 0.003 4 0.003
1 X 0.001 0 0.001 0 0.004
2 3 0.005 0 0.005 0 0.005
3 1 0.003 0 0.003 0 0.003
1 5 0.008 0 0.008 0 0.008
5 6 0.001 0.001 0.001 0.001 0.006
6 G 0.006 e 0.006 0 0.006
7, 8 0,003 0 0.003 0 0.003
8 9 0.010 0.002 0.009 0.002 0.011
9 10 0.010 0 0.010 0 0.010
10 11 0.006 0.002 0.005 0.002 0.007
11 12 0.011 0 0.010 0 0.010
U 13 0.011 0.003 0.010 0.003 0.013
13 14 0.010 0.003 0.009 0.003 0.013
11 15 0.012 0 0.011 0 0.011
15 1o 0.005 0 0.005 0 0.005
16 7 0.019 0 0.017 0 0.017
i 18 0.008 0 0.007 0 0.007
18 19 0.010 0.009 C.008 0.009 0.017
19 20 0.025 0 0.022 0 0.022
20 21 0.018 0.016 0.015 0.016 0.031
21 24 0 0 0 0 0
22 23 0 0 0 0 0
23 24 0 0 0 0 0
24 25 0.002 0 0.052 0 0.052
25 26 G 0 0 [t} 0
26 74 0 0 0 0 0
2 28 0 0 0 0 0
28 29 0 0 0 0 0
29 30 0 0 o 0 0
RAC-T-479
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TABLE B3 (continved)

c. Cumulative Rote per Usage Interval

Usugs interval,

All vehicles

g thous of miles
¢ Gleatwrithion Less than 1s¢ 2 All
§ or equal to
_g 0 i 0.003 0 0.003
! 1 2 0.007 0 0.007
? 2 3 0.012 0 0.012
3 4 0.015 0 0.015
4 5 0.023 0 0.023
5 6 0.027 0.001 0.028
6 7 0.032 0.001 0.034
7 8 0.035 0.001 0.037
8 9 0.045 0.005 0.048
9 10 0.055 0.003 0.058
b 10 n 0.060 0.005  0.065
b 11 12 0.070 0.005 0.075
i 12 13 0.080 0.007 0.088
13 14 0.090 0.010 0.100
14 15 0.101 0.010 0.112
15 16 0.106 0 0.116
16 h 0.123 0 0.133
17 18 0.130 0.010 0.140
18 19 0.138 0.019 0.157
19 20 0.160 0.019 0.179
20 21 0.175 0.035 0.210
21 22 0 0 0
22 23 0 0 0
23 24 0.175 0 0.210
24 25 0.226 0 0.261
25 26 0.226 0 0
¢ 26 27 0 0 0
27 28 0 0 0
3 28 29 0 0 0
i;: 29 30 0.226 0.935 0.261
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v
TABLE B4
Replacement Rates and Hazard Rates far M151 Transmissions, by Replacement Order
a. Replocements per Usage intervai
Usage inte. . al, Replocements Vehicles yet to
3 thaus of miles i ady experienced experierca replocement
Greaterithon | | @ thon | st | 24 | 3a | an | 1 | 24 3 All
- or equol to
0 1 ) 0 4] 6 H2 T62 762 60
1 2 3 0 Y] 3 THD 761 761 761
2 3 d 1 0 3 746 755 755 55
3 1 i 0 0 1 736 716 tn 7
1 5 5 0 0 1 gy T3 735 T35
3 6 3 0 0 3 N 719 720 72
6 i n 1 0 8 688 709 0 710
T 8 5 1 0 6 655 678 680 680
8 9 N 0 1 8 606 631 634 634
9 10 12 2 0 11 569 595 597 598
10 il 12 1 U 13 514 545 549 850
11 12 13 1 0 11 447 480 183 484
12 11 1 1 0 5 354 388 391 392
: 13 14 T 101 n 285 311 314 315
11 15 4 3 0 n 231 254 259 260
15 16 1 0 0 4 191 210 N7 218
16 17 8 1 1 10 152 167 171 172
- h 18 1 2 0 12 118 131 136 138
18 19 0 1 \ 2 97 109 111 113
19 20 0 1 0 2 7 84 86 88
20 3| 1 1 o ab 55 61 62 63
21 = o 0 ¢ D 39 14 45 16
5 22 23 0 0 0 0 28 13 34 35
' 23 21 | 0 o0 1 23 2% 27 28
21 25 1 0 0 1 11 h 3 18
25 20 0 0 0 J 8 10 10 11
20 21 0 0 0 0 6 7 7 7
21 28 0 0 0 0 3 4 4 4
: - 28 29 0 0 0 0 1 1 | 1
8 29 30 0 0 0 0 1 1 1 1
; Total 116 20 3 14 ab 9579 9975 10.026 10,016
i
1
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TABLE 84 {(continued)

b. Rate per Vehicle per Usage Interval

Lisage interval,
thous of miles

Vehicles yet to
experience replocement

All vehiclas

Greater thon |\ ihan 18t 2d 3d 1st 2 K All
or equal to
0 1 0.008 0 0 0.008 0 0 0.008
] 2 0.004 0 0 0.004 0 0 0.004
2 3 0.003  0.001 0 0.003  0.001 0 0.004
3 1 0.005 0 0 0.005 0 0 0.005
4 5 0.010 0 0 0.010 0 0 0.010
5 6 0.004 0 0 0.004 0 0 0.004
6 7 0.010  0.001 0 0.010  0.001 0 0.011
= 8 0.008  0.001 9 0.007  0.001 0 0.009
8 9 0.012 0 0.02  0.011 0 0.002  0.013
9 10 0.021  0.003 0 0.020  0.003 0 0.023
10 1 0.023  0.00: 0 0.021  0.002 0 0.023
n 12 0.020  0.002 0 0.026  0.002 0 0.028
12 13 0.011  0.003 0 0.010  0.003 0 0.012
13 14 £.025  0.010 0.003  0.021 0.010 0.003 0.034
14 15 0.017  0.012 0 0.015  0.012 0 0.026
15 16 0.021 0 0 0.017 0 0 0.017
16 7 0.053  0.0C6 0.006  0.043 0.006 0.006 0.054
ol i8 0.008 0.015 0 0.006 0.014 0 0.028%
18 19 0.0°0  0.009 0 0.008  0.009 0 0.016
19 20 col4  0.012 0 0.015  0.011 0 0.021
2 21 0.018  0.016 0 0.013  0.015 0 0.045>
21 20 0.051 0 0 0.037 0 0 0.037
a2 23 0 0 0 0 0 0 0
23 24 0.043 0 0 0.030 0 0 0.030
24 25 2.071 0 0 0.047 0 0 0.047
25 % 0 0 0 0 0 0 0
26 2 0 0 0 0 0 0 0
23 °8 0 0 0 0 0 0 0
28 29 0 0 0 0 0 0 0
29 30 0 0 0 0 0 0 0
122 RAC-T-479
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TABLE B4 (continued)

c. Cumulative Rote per Usage Interval

Usage imerlvoi, All vehicles
thous of miles
Greater than Less thon st 2d 3 All
or equol ta

0 1 0.008 0 0 0.008

| 2 0.012 0 ) 0.012

2 3 0.011 0,001 0 0.016

3 ' 0.020 0 0 0.

' 5 0.029 0 0 0.0%1

5 o 0.033 6.001 0 0.035

6 E 0.013 0.003 0 0.046

: 8 0.051 0.004 0 0.055

8 9 0.061 0.004 0.002  0.067

9 10 0001 .00R 0 0.091
10 1 0.103 0.909 0 0.114
1 12 0.129 0.011 0 0.142
12 13 0.139 0.014 0.002  0.174
13 1t 0.160 0.023 0.005  0.188
14 15 0.174 0.035 0.005  0.211
15 16 0.192 0.035 0.005  0.232
16 15 0.234 0.041 0.011 0.286
1z 18 0.241 0.055 0 0.314°
18 19 0.249 0.064 0 0.330%
19 20 0.259 0.075 0 0.3528
20 2] 0.272 0.090 0 0.396™b
21 2 0.310 0 0 0.4342:b
2 2 0.310 0 0 0.4343.b
2 2 0.340 0 0 0.464%b
a9 25 0.387 0 0 0.5118:b
25 2% 0 0 0 0
2% 27 0 0 0 0
2 28 0 0 0 0
28 29 0 0 0 0
a9 30 0.387 0.090 0.011 0.511%:b

Yncludes one fourth-erder replacement.
Includes one fifth-order replacement.

GRAPHS

The graphs of rates for each part are cumulative plots of the rates pre-
sented tabularly (see Fig. B1). The cumulative form was used to show the data
more smnothly and because eyeball extrapolation of cumulative replacement
rates to tie 50 percent level can give rough ideas of mean lives. The plots are
cut off at 19,000 miles, the last point at which the sample size was at least 100;
thereafter it was regarded as small.
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VEHICLES

CUMULATIVE REPLACE.
MENTS PER 100

CUMULATIVE REPI.ACE-
MENTS PER 100
VEHITLES

CUMULATIVE REPLACE.
MENTS PER 100
VEHICLES

VEHICLES

CUMULATIVE REPLACE.
MENTS PER 100
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JO 70 JUS
Q70 Q5
10L 4 .
0 L’/ '] 1 1
¢ 5,000 10,000 15000 20,000 5,000 10,000 15,000 20,000
UILES SINCE ISSUE MILES SINCE ISSUE
8. Clutch Bearing b. Clutch Disk
20 T T T > T T T
Jo 51 ; JO 39
Q5 Q39
10 - "
0 | 1 | 1 1
0 5,000 10,000 15,000 20,000 5,00 10,000 15000 20,000
MILES SINCE ISSUE MILES SINCE ISSUE
c. Clutch Pleate d. Clutch Kit
20 T T T T T T
JO 14 JO 73
Q4 Q73
0F : 4
Jo
0 _ﬁ L L 1
0 5,000 10,000 15,000 20,000 5,000 10,000 15,000 1000
MILES SINCE ISSUE MILES SINCE ISSUE
e. Difterential f. Engine
20 T T T T L T
Jo 33 J0 20
Q3 Q 22
10+ Jo ~ .
JO
; : . Q %
0 5,000 10,000 15,000 20,000 £ i0,00C 15,000 20,000
MILES SINCE ISSUE MILES SINCE ISSUE
g. Front Prop Shalt h. Roar Prop Shott
Fig. B1 —Cumulative Replacement Rates of Prime Mobility Parts
JO: replocement jobs (job orders); Q: replacements {quantity).
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Fig. B1—Continued
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N Fig. B1—Continued k
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Fig. B1—Continued
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INTRODUCTION

This appendix discusses three topics of vehicle and M151 lifetime in gen-
erally more technical detail than Chap. 6. First the lifetime problem is
described and set in a more specific context. Then a mathematical statement
of the technique used to derive the computed lifetimes of Chap. 6 is presented.
The final twe sections consider only the cost aspects of M151 operation and de-
rive least-cost lifetimes for cases in which the replacement vehicle is per-
mitted to have different acquisition costs and different maintenance costs from
those derived in this study for M151’s.

VEHICLE LIFETIMES

Background

In C. p. 1 the basic viewpoint of vehicle lifetime taken in this study was
outlined. Briefly, this view was that vehicle life is characterized by increasing -
costs and decreasing performance as the vehicle ages (substantiated for the
M151 in Chaps. 3, 4, and 5); a clear-cut, irrevocable death such as ends biologi-
cal life does not occur in vehicle life; vehicle life occurs in a dynamic environ-
ment in which the role the vehicle was bought to {ill is changing in nature and
relative importance, the efficiency with which the vehicle is supported may
change, and the best kind of vehicle today’s technology can produce to fill the
role is different in cost and performance from yesterday's. It was also noted
that the determination of military vehicle lifetimes includes the problem of mak-
ing value judgments by which costs specified in monetary terms and performance
specified in nonmonetary terms may be considered in combination.

Role and Role Life

It is useful to introduce the notions of “role” and “role life” in establish-
ing a clearer framework in which to view the vehicle lifetime problem because
vehicles are bought to fill a role and the fleet managers’ goal is taken to be to
optimize the filling of the role. The period of time for which the optimization ‘
is to be achieved will be generally called “role life.”
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The idea of role life is depicted in Fig. C1. Role life is the time during
which the role contributes significantly to Army operations. The time during
which the M151 is the preferred model of ‘-ton truck in the role is referred to
as the M151 role life or the role life of the M151 gerneration.

le-ton-truck role |'fe

—— MI51
generation
role life

v
Earlier M3.8 M151 : ? «
models series :
L 1t !
Inception of Present End of 's-ton
ls-ten teucks trucks in
in present role present role

Time —o

Fig. C1—Role Life ond Generotion Role Life Depicted

This study did not attempt to establish what the “4-ton-truck role life is.
Rather, its considerations of the idea of role life led to the conclusion that the
Yi-ton-truck role life is considerably less relevant to the choice of an M151
lifetime than is the generation life of M151’s, assuming that at least one or two
generations of ';-ton trucks will be appropriate after the M151 generation. The
basis of this view is that the choice of when to introduce a new generation of
vehicles should be made essentially independent of considerations of the age of
the current vehicles as long as vehicles age at rates at least comparable to the
rate at which technological advances make desirable the introduction of new
models and any particula:r new model is introduced into the fleet gradually over
a time period at least as long as vehicle lifetimes. Such a situation means that
whenever a new model is to be introduced, some vehicles of the current model
will be of sufficient age that when they are displaced by new model vehicles
little good vehicle life will be lost. The introduction of a new model when much
of the current fleet is relatively new would, on the other hand, be costly for that
reason. The Army Yi-ton truck fleet has the desirable characteristics mentioned.
and hence the introduction of new models may be made at a time chosen inde-
pendently of consideration of current vehicle ages.

Thus the lifetime problem for M151’s may be confined to chonsing a re-
placement age that optimizes the filling of the M151 generation role life.

LIFETIME TECHNIQUE USED IN CHAP, 6

The lifetime technique used to compute lifetimes in Chap. 6 is presented :
here in mathematical terms. As was noted in Chap. 1, any procedure in which
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cost and performance are considered jointly and weighed against each cther in-

volves making value judgments of the kind “performance level x is worth cost

y but not cost z.” The technique described here incorporates a relatively sim- .
ple value system, although to describe it fully would be very complex. Basically

the three elements considered—cost, performance, and obsolescence—were

given their natural weight; thus a value half that of another was regarded as

half as good or twice as gond depending on whether it was desirable to have it

high or low.

Technique

The in-use effective life of the equipment under study is defined as the age
at which the minimum of a specific mathematical function occurs when the
function’s parameters are those determined from field experience data.

Two monetary costs are considered: initial investment cost and mainte- .
nance cosl. Costs are amortized in equal amounts for each time pericd remain-
ing in the life of the item beginning with the time period in which the cost was
incurred. Costs are allocated against a defined effectiveness by aitributing the
effectiveness over a finite time period to the total of the costs amortized in the
same time period.

Relative effectiveness is defined as a product of three factors: a measure
of technological competitiveness (the obverse of obsolescence), a measure of
equipment reliability, and a measure of equipment availability.

The model acs.med that relative competitiveness C(t) decays in time con-
tinuously and exponentially as C(t) = (1 + i)' where i is the obsolescence rate
expressed as the ratio of competitiveness lost during a unit of time to the com-
getitiveness at the beginning of the unit of time. With this convention,relative
competitiveness can always be assigned unit value at an arbitrary zero time.

Reliability in unit time is defined by R(t) = 1 -k(t), where h(t) is the fre-
quency of equipment failures per end item per time unit. The formula is an
approxirnation to ¢ #9_ The latter form must be used when h(t) is not small.

Availability is defined by A(t) - 1 — h(t), where > is the mean time out of
service per equipment failure. The formula is an approximation to I/[1 + Ah(t)]
for small values of the product Mift).

The condensed symbolic statement of relative effectiveness, q(t), is
q(t) = C(t) - R(t) - Al).

A perfect ageless item would have to have no decay in compstitiveness
(i = 0) and no failures during use th(t) = 0]. The relative effectiveness of such
an item remains at unit value indefinitely. Real items have changing effective-
ness values of less than unity.

The model combines cosis and effectiveness by forming an unlimited num-
ber of quotients c(t)/q (t) that may be regarded as expressing an amortized cost
per unit of perfect effectiveness at time t. The model determines the mean
E(T) of the quotients over a life T. The effective in-use life is defined as the
age T for which E(T) is minimum.

The mathematical statement E(T) is a specific construct using the ideas
and notation introduced above. Let | be the cost of replacing the item, ¢, the
cost of maintenance in time period i, and q; the relative effectiveness in time !
period i. For discrete intervals the average cost per unit of perfect effective-
ness at the end of the first time period is(l+ ¢y)/q}; after the second period it is
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A rearrangement of the last expre < sion gives the following equation as the
average cost per unit of perfect effectiveness per time period at the end of n

periods.
pay (L EL 2y Dy L)
nn-lq M\uwl"i/

The model for discrete intervals has been made continuous by deriving
the limiting form as the time periods are made arbitrarily small and the age
t represented by the n original intervals is held constant, to yield

(X1} -—l —_— ) —d

* : 1 ds aocds) g dr
tjto q(\) 0 s s oqin

r as the average cost over age t ver unit of perfect effectiveness per unit of time
at aget. The effectiveness function q(s) is q(s) (1 +i) 1~ h(s)] 1~ ah(s)..

The term h(s) was approximated from field data by h(s) a ‘ bs, and q(s) was

then quite well approximated by q(s) = fe'4* . The maintenance cost functione(s)

was approximated from field data by c(s) = A + Bs. Introducing these functions
into the expression for E(t) gives

E(r) _l_ f’ _(_E_ ‘ “l Ay Bs l.r _dr__ ds

!tur 0ot es s ferar

Integrating E(t) yields the following working expression used in this study
for the average cost per unit of perfect effectiveness per unit of time over aget.

py Lol At L) Bt iy Lan”
- ’ fat> Tt m 1 mln) T gt m1 mlmed)!
E() is evaluated for values of t until T such that E(T) =minimum E(1) is %
found. T is the defined effective in-use life of the item. ¢
Parameters Used :
Because the technique requires linear projections of maintenance costs
and hreakdown rate, the projections of Chaps. 4 and 5 were modified by fitting "
2 a least-squares line in the interval G to 50,000 miles to the degraded projections ‘
of each parameter.
. LEAST-CGOST LIFETIMES f

In this section the implications of costs of acquisition and maintenance for
o M151 lifetime are treated without reference to performance. Although as a cor-
sequence this analysis is less appropriate than that of Chap. 6 as a basis for
the final lifetime decision, its greater simplicity permits the consideration of
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some matters less tractable in Chay. 6. 1In particular, the effect of the acquisi-
tion cost and maintenance cost of potential replacement vehicles on the least-
cost Itetime are determined. The least-cost lifetime is also shown to depend
on the period of time for which the ‘4-ton-truck role is to be filled by current-
generation vehicles. A major conclusion concerning M151 overhaul, stated
briefly near the end of Chap. 6, is formed.

Procedure

For the least-cost lifetime analysis the fleet management goal is assumed
to be to render '/4-ton-truck miles at minimum cost, starting with a fleet of new
M151’s that cost £2900 each to acquire and have age-dependent maintenance
costs as shown in Fig. 47. The fleet size i5 assumed to remain constant, The
period of time over which the ieast-cost goal is to be achieved is the role life
of the M151 generation, i.e., the time during which the combined perfor mance
and cost characteristics of M151-generation vehicles are the best available to
fill the Yi-ton-truck role. (The generation role life of the M151 is assumed to
terminate when a model of ‘;-ton truck of characteristics sufficiently better
than those of the M151 o justify its introduction becomes available.)

The inflvences on least-cost M151 lifetime of the acquisition cost | and
age-dependent maintenance costs M{(a) of replacement vehicles and of the M151-
generation role life are analyzed for a range of I, a range of generation role
life, and two di‘ferent replacement-vehicle maintenance costs. Acquisition
costs of replacrement vehicles considered range from $200 up. The two mainte-
nance costs for replacement vehicles are one identical to that of issued-new
M151°’s and one higher, the latter to show the effect of Ligher maintenance costs
that have been observed® ***! for overhauled vehicles.

The analysis, described in technical detail in the concluding section of this
appendix, consists of comparing the cost of filling the role with only the original
fleet of new M151’'s (never overhauling them) with the cost of filling the role by
replacing the original M151°s with other vehicles, called the “replacement vehi-
cles,” at some original M151 age. (The replacement vehicles could be new
M151’s, averhauled M151’s, or any other vehicles deemed feasible operational
substitute: for deteriorated M151's.) In two cases the analysis was restricted
to compariny, generation-role-life costs when no replacements were made with
the situation in which one replacement was made. A third case considered the
situation in which more than one replacement was made.

Generation Role-Life Cost with No Replacements

The cost per vehicle-mile of filling the generation role life with one sct
of issued-new M151’s, without overhaul, is shown in Fig. 49 for a range of gen-
eration role lives. In the current discussion the abscissa label *“Retention
Period” in Fig. 49 must be interpreted as “generation role life,” in accordance
with the assumption of no replacements during the generation role life. The
curve in Fig. 49 is regarded as a basic characteristic of the M151. The re-
maining discussion is basically a determination of limiting cost characteristics
of valid replacement vehicles for a range of generation role lives, given the
goal of filling the generation role life at minimum cost per mile, and given that
at the beginning of the generation role life the fl~et consists of new M151’s with
costs characterized by Fig. 49.
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Three Cases of Vehicle Replacement

Case 1: One Fleet Replacement during Generation Role Life; Replacement-
Vehicle Maintenance Costs Same as Those of Issued-New M151°’s. Figure C2
rompares the cost of the generation role life when no replacement is made with
that when one replacement is made, when the age-dependent maintenance costs
of the replacement vehicle are identical to those of the original issued-new
M151's. The figure shows the maximum acquisition cost a replacement vehicle
may have for a given generation role life if the generation-role-life cost when

Moximum allowable ($1960;
2000 /

1600 K

1200

800

400

0 i - 1 1
0 56,000 100,000 150,000 200,000
ROLE LIFE, MILES

COST OF REPLACEMENT VEHICLE, DOLLARS

Fig. C2—Maximum Acquisitian Cast of Replace-
ment Vehicles far Which Replacement of
Issued-New M151's by Vehicles Having #
- the Same Maintenance Casts as the
Degraded Estimate Is Justified an
a Cast Basis Alane

T

Optimum replacement age is ane-half rale life.

one replacement of the fleet is made is not to exceed the generation-role-life
cost when no replacement is made. For example, the figure shows that if the
generation role life is 50,000 miles, no replacement should be made if the re-

. placement vehicle has an acquisition cost greater than $800; if a replacement
is made during the gencration role life, the generation-role-life cost will be
smaller than if no replacement is made only if the arquisition cost of the re- ;
placement vehicle is less than $800. If the replacement-vehicle acquisition §
2 cost is just $800, a substitution of these vehicles for the original fleet at 25,000

miles will result in the same generation-role-life cost as if the original
vehicles were operated throughout the 50,00C miles.

Notice that a further element has slipped in—when the replacement should
be made. The results in Fig. C2 apply when the repla:ement age is one-half
the generation role life. This is the optimum replacement age in the sense that,
if the generation role life is to be filled by replacing the original M151 fleet at
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some point but then making no further replacements, the cost is minimized if

the replacement is made at one-half the generation role life. The fact that in

Fig. C2 the optimum replacement age is one-half the generation role life is |
determined by the condition that the maintenance costs of the replacement vehi-

cles are the same as those of the original vehicles. If they were not equal. the

optimum age would be different from one-half the generaticn role life. In case

Il such a situation is treated.

Thus,if a replacement is to be made, the optimum time to make it in this
case is at one-half the generation role life. It may happen, however, that even
when the replacement is made at the optimum age, the generation-role-life cost R
is higher than when no replacement is made. Indeed, it is just this that Fig. C2
is intenced to show. If the replacement vehicle costs more than $800, then re-
placerient even at the optimum age of 35,000 miles for a 50.000-mile generation
role life costs more than making no replacement at all. If the replacement ve-
hicle costs less tnan $800, then introducing such vehicles in place of the original
vehicles at 25,000 miles will reduce the cost per 50,000 vehicle-miles of a
50.000-mile generation role life by the difference between $800 and the actual
acquisition cost of the replacement vehicle. For example. a replacement vehi-
cle costing 600 could be used to reduce the cost of a 50.000-mile generation
role life by £200 per {leet member by replacing the original vehicles with the
%600 replacement vehicles at 25.000 miles.

An interesting aspect of Fig. C2 is that no matter how long the role life,
no replacement vehicle cnsting more than $1960 is economically justifiable.
Thus replacement with a new M151 at a cost of $2900 is not justifiable on eco-
nomic grounds alone.

The results of the case I analysis (shown ia Fig. C2) in conjunction with
past experience® ****?" are sufficient grounds on which to build a case against
M151 overhaul. ORO-T-381.,"' concerning the overhaul of M38-series "4-ton
trucks, found the average cost of overhaul in FY58 to be about $1850. The
overhauled vehicles were found to have higher maintenance costs than new ve-
hicles. In ORO-SP-133%" it was further found that overhauled M38-series '4-ton L
trucks experienced more frequent failures of major assemblies than new vehicles.

The results of case I in Fig. C2 show that the maximum allowable cost for
a replacement vehicle, if the generation role life is of the order of 15 years—

105,000 miles at current rates of use—and if the maintenance costs of the re-

placement vehicle are as low as for a new vehicle, is about £1500. Of course

if the maintenance costs of the replacement vehicle were higher than for a new

vehicle, an acquisition cost less than $1500 would be the maximum permissible.

Thus, if the generation role life is 15 years, M151°s should not be overhauled

unless a significant reduction in the cost of overhaul from that experienced by .
M38-series vehicles several years ago wiih no further loss in quality of product

can be achieved.

Case II: One Fleet Replacement during the Generation Role Life: Replace-
ment-Vehicle Maintenance Costs Higher than Those of Issued-New M151°’s. The :
situation considered here differs from that of case I in that the age-dependent
maintenance costs of the replacement vehicle are assumed to be higher than
those of the original M151, as has been observed previously for overhauled
vehicles.®****' A hypothetical maintenance cost for replacement vehicles was
used. It compares with the projected maintenance costs for issued-new M151’s
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Hypol.he!icnl
overhaul

Degraded piojection

COST PER 100 MILES, DOLLARS

4 -
2 —~
0 ' 3 | o b - | 1
0 50,000 100,000 150,300 200,000

MILES SINCE ISSUE

Fig. C3—Hypothetical Maintenance Casts of Overhouled M151's Campared with
Projected Degraded Maintenance Costs of M151's Issued New

Moximum a/llowable ($1200)

$1200

800

400

VEHICLE, OOLL ARS

0 1 | 1
0 50,000 100,000 150,000 200,000
ROLE LIFE, MILES

Fig. C4—Moiimum Acquisitian Cast of Replacement
Vehicles far Which Replacement of Issyed-New
M151's by Vehicles Having Higher
Maintenance Casts Is Justified
an a Cast Basis Alone
Optimum replocement age is 0.63 role life.
Maintenance casts: one-third higher initiolly; growth:
1.7 times the rate; equilibrium: same os
degraded estimate for M151's,

as shown in Fig. C3, i.e.. it had an initial value one-third higher, a growth rate
1.7 times as great, and the same ecuilibrium value.

The results of the analysis of this situation are shown in Fig. C4, which is
of the same form as Fig. C2. Here the maximum allowab’e initial cost of a re-
placement vehicle is $1200. Eight hundred dollars is now the maximum allow-
able cost of a replacement vehicle if the generation role life is 70,000 miles
(about 10 years). For a 50,000-mile generation role life the maximum allow-
able replacement-vehicle cost is $600, compared with $800 when the mainte-
nance costs of the replacement vehicle are the same as for a new M151.
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The optimum replacement time is now 0.63 of the generation role life
rather than 0.50. The worse replacement-vehicle maintenance costs make it

desirable to keep the original vehicles with lower maintenance costs longer N
than in case 1.

Maximum allowable ($1960)

o 2000

<

- s

& 1600k

B i .

o o

v ¥ £

w 1200 :
] .
;.J 300 A : E- "
- & L H
z P i
w ’ g
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g 400 A i
J : .‘ A A £
e % 00 £
v 0 (A A A, '////,/” 3

] 50,000 100,000 150,000 200,000
ROLE LIFE, MILES

"y

Fig. C.-—Replacement Policies Giving Minimum-
Cost Role Lives for Vorious Replocement.
Vehicle Costs

The maintenance costs of all replocement vehicles

b

+
ore the same as the degroded estimate for M151's; ' %
the first vehicls is a new M151 casting $2900. E."
3

The aptimum replacement oges are ::

1

Optimum replacement ' {
age as fcoction of %

Replocements role life :":ﬁ"

3

1 5
1, [

‘2

wT

WA —~O

If the assumed raaiutenance costs for replacement vehicles are more
representative of what would be experienced by overhauled M151’s than are the
maintenance costs for issued-new M151°’s, then the maximum allowable over-
haul cost for a 15-vear (1£°5.000-mile) generation role life is more like $1000
(shown on Fig. C4) than the £1500 found earlier (see Fig. C2). The economic
argument against M151 overhaul is thus strengthened because actual mainte-
nance costs of overhauled vehicles are indeed likely to be significantly higher
than those of issued-new vehicles.

Case 1II: Multiple Fleet Replacements during the Generation Role Life; ’
Case 1 Maintenance Costs. Cases I and 11 considered making only one fleet re-
placement during the generation role life. Case IIlI considered the situation in
which more than one fleet replacement is permitted during the generation role i
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life. The maintenance costs of all replacement vehicles are assumed to be the
same as for issued-new M151°s. All replacement vehicles are assumed to have
the same acquisition costs.

The results are shown in Fig. C5. When the maintenance costs of replace-
ment vehicles are the same as those of issucd-new M151's, Fig. C5 stows maxi-
mum allowable replacement-vehicle acquisition costs for which not only one
replacement is justified (as in Fig. C2) but also for whirh two replacements
and three replacements are justified. For example, if the role life is 50.000
miles. Fig. C5 shows that if the replacement ehicle cost more than $#800. no
replacement should be made; this is as for Fig. C2. And. like Fig. C2, Fig. C5
shows that if the replarement vehicle costs less than {800, one replacement at
25.000 miles results in a lower generation-role-life cost than no replacements.
But unlike Fig. C2, Fig. C5 further shows that if the replacement vehicle costs
less than {400, two replacements—at 16,700 miles and at 33.400 miles—result
in a still lower cost than one replacement at 25,000 miles. Fig. C5 also shows
that if the replacement vehicle costs less than $200, three replacements—at
12,500 miles. 25,000 miles. and 37.500 miles—will result in an even lower gen-
eration-role-life cost than two replacements.

TABLE Q!

Effect of Replocement-Vehicle® Cost on Least-Cost
Lifetime of Issved-New M151's

Least.cost
Cost of replacement lifetime of
vehicle, dollers issued-new M151’s
Generotion Role Life: 70,000 Miles ¥
-1100 70,000
700 -1100 35.000
100 — 700 23.300 ;
as0P 100 17,500 o
3
Generotion Role Life: 105,000 Miles f“;
1500 105.000 =
1000 1500 52,500
630 ~1600 35.000 5
150P_ 650 26,250

N\aintenunce rosts the same as issuede-new M151%s.
Rough estimate: tabie may be extended downward indefinitely.

The replacement ages implied by Fig. C5 may be interpreted as least-cost
lifetimes determined by the initial cost of replacement vehicles and the genera-
tion role life, given that the fleet originally consists of new M151’s with an
initial eost of $£2900, the age-dependent maintenance costs are as shown in Fig.
50, and the replacement vehicles have maintenance costs the same as the origi-
nal M151°’s. Thus, if the ge ieration role life is taken to be 10 years (70,000
miles), the effect of the initial cost of replacement vehicles may be shown as
in Table C1. The second half of Table C1 shows the corresponding result if the
generation role life is taken to be 15 years (105,000 miles).
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Conclusions

1. Least-cost lifeiime of the M151 depends on the role life its generation
is to fill and the costs of acquisition and maintenance of potential replacement
vehicles as follows:

a. M151 life increases as role life increases.
b. M151 life decreases as replacement-vchicle price decreases.

2. If replacement-vehicle maintenance costs are no less than those of the
M151, they are eligible replacement vehicles only if they cost less than $1960.
Thus a new M151 (at a cost of $£2900) may never be used to repolace an M151 in
hand if a minimum cost per roie mile is to be achieved. In this circumstance,
M151 life is equal to the role life.

3. If maintenance costs of a potential replacement vehicle are no less than
one-third higher at issue than those of a new M151, grow in M151 age at no less
than 1.7 times the degraded rate for issued-new M151°s, and have the same
equilibrium as the degraded estimate for issued-new M151's, replacement of
issued-new M151’s by such vehicles is economically justifiabie only if the vehi-
cle costs $1200 or less.

4. The number of replacements giving least-cost role life is greater the
lower the cost of the replacement vehicle.

LEAST-COST LIFETIME TECHNIQUE

This section describes the deveiopment of the least-cost results of the
previous section summarized in Figs. C2, C4, and C5.

For Figs. C2 and C4 the situation considered is the following. One has a
vehicle which costs I to acquire and C_,- (C, Cp)le ¥t to maintain at aget.
Auother vehicle is available that costs 1, to acquire and C_o (C s Cgo)e 72! to
maintain at age t. One wishes to furnish a tot1l vehicle mission of size n age
intervals. Possessing vehicle 1, he is regarded as having two ways to furnish
the n intervals of vehicle life: he may operate vehicle 1 through them all or he
may replace vehicie 1 with vehicle 2 at some point. What conditions justify re-
placement, and what is the optimum age?

The problem posed was treated by fixing the initial cost of the first vehicle,
the maintenance costs of both vehicles, and optimum replacement times ex-
pressed in terms of n, and then determining allowable I, for a range of 1.

In particular, the cus! of providing n intervals of operation solely with ve-
hicle 1 was expressed by

Cor Co
e [_][ erm] o
"1

The cost of providing n intervals of operation when k are provided by vehicle 1
and (r - k) by vehicle 2 was taken as

Care Co
T S PR L. -—)l—- 1o ¥k
o €
a2 (R4
' '2 + ('u": k) - [____ r" =) g(n-kb (2)
Ya I_
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The problem was to determine k  r such that the difference

T LLL L T

’ L O O L (3)

was maximized within the constraint D(r) - 0. Partial differentiation of Eq 3
with respect {o k, setting equal to zero, and solving for k yielde for r

Uar Cm
Yo + log, m 4)
. A Y1ty i
when C_; - C_» . the conditi~» acsumed here. The parameter values used are
shown in Table C2.
3
TABLE C2
Values of Cost Parameters Used in Analysis
of Least-Cost Lifetimes
B Value
i; Parameter Cimensions
H Cose | Case I
H
; 1 [ 2900.00 2900.00
é Cor $ '5000 mi 177.10 477.10
® Cor $/5000 mi 75.00 75.00
§ " /8000 mi 0.205 0.205
H Cos $ ‘5000 mi 477.10 477.10
& . (s $/5000 i 75.00 100.00 (1.33C ;)
¥a /5000 mi 0.205 0.349 (1.7y,)
v Using these values in Eq 4 vielded for case I a value r - 0.500n and for
g case I r = 0.630n.
E Combining Eqgs 4, 3, and the constraint of Eq 3 yielded exzpressinns in
1 which only I and n were unknown. These expressions were of the foria
1
i f) > gy (5)
3
E Figures C2 aud C4 are graphs "f pairs (n.l2 ), whic'. satisfy the equality of Eq 5.
Case III, in which more than one replacement was 1llowed, was analyzed
3 by an analogous scheme. In that instance all the replacement vehicles were
assumr d (0 have the same initial costs and maintenance costs as issued-new
M151’s. An interesting result of that case is that if mreplacements are desir-
3 able, the optimunr: replacement points are at in/m,i-1,2,...,m-1.
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